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Abstract
The rate constants for in situ arsenic redox transformations in the surface waters of a
eutrophic lake were estimated from observed horizontal heterogeneity in the arsenic
species concentrations in the epilimnion of the Upper Mystic Lake. The smallest rate
constants necessary to explain the observed horizontal heterogeneities were 10 times
higher than rate constants estimated from monthly profiles of the arsenic species in
the lake. These high in situ rate constants confirm the high rate constants measured
by Spliethoff and Hemond (1995) in laboratory experiments.
Particulate arsenic and particulate iron were very strongly correlated in samples
collected from the hypolimnion of the lake (r=0.94,n=116). In addition, the appar-
ent partition constant between dissolved arsenate and arsenate sorbed to iron oxides
was inversely proportional to the particulate iron concentration, an example of the
"particle concentration effect" (Gschwend and Wu, 1985). These observations suggest
that arsenate is sorbed to iron oxides, and that a fraction of the "dissolved" arsen-
ate is really arsenate sorbed to iron oxide colloids. If arsenate sorption to the iron
oxides in the hypolimnion is actually at equilibrium, a simple surface complexation
model calculation (Dzombak and Morel, 1990) shows that the ratio of the dissolved
arsenate and arsenite concentrations nearly matches the ratio predicted from ther-
modynamics for the pH and pE of the hypolimnion. Therefore, the arsenic species in
the hypolimnion may be at thermodynamic equilibrium.
The first horizontal modes of the first and second vertical mode internal seiches
(VH1 and V2H1) were identified as the dominant observed seiches in the Upper
Mystic Lake. The V2H1 seiche is excited by wind stress forcing close to its natural
frequency. Internal seiches alone cannot explain an observed mixing event which sug-
gests that boundary mixing in the shallow regions of the lake may also be important.
Thesis Supervisor: Harold F. Hemond
Title: Professor of Civil and Environmental Engineering
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Chapter 1
Introduction
The Upper Mystic Lake (UML) is the outlet for the Aberjona Watershed. From the
beginning of this century, industrial pollution of the watershed with both metals and
organic solvents has been severe. The legacy of this pollution are the two Federal Su-
perfund sites and multiple state hazardous waste sites located within the boundaries
of the watershed. (Durant et al., 1990) A ubiquitous contaminant in the watershed is
arsenic which is famous for both its toxicity and its complex geochemistry (Aurilio,
1992). The combined work of Knox (1991) and Solo (1995) has shown that arsenic
has been and continues to be transported from the Industriplex Superfund site to
the Upper Mystic Lake by the Aberjona River. On average, 100 kg of arsenic are
discharged into the lake each year (Solo, 1995). Approximately 50% of this arsenic
is trapped by the lake sediments (Aurilio et al., 1994). As a result, the lake sedi-
ments can contain up to 0.2% arsenic by dry weight (Spliethoff and Hemond (Water
Research), 1995) which is 5000 times higher than the expected contamination due
to natural sources (Aurilio, 1992). Because of both the large inventory of arsenic in
the sediments and the continuing flux of arsenic to the lake, the use of the lake for
recreation has been questioned. This study seeks to better understand the chemical
and physical processes in the UML that affect the concentration of arsenic in the lake
and, thus, the human exposure to arsenic from use of the lake for recreation.
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Chapter 2
Biogeochemistry of Arsenic in the
Upper Mystic Lake
2.1 Introduction
Recent studies of arsenic speciation in temperate lakes have consistently shown that
the species appear to not be at thermodynamic equilibrium with their surroundings.
Arsenite, the more reduced form, frequently predominates in the oxic surface wa-
ters while arsenate, the more oxidized form, is often present at higher concentrations
than arsenite in the anoxic hypolimnion. These counterintuitive results have been
attributed to the presence of arsenate reducing microbes in the surface waters and
to slow kinetics of abiotic oxidation of arsenic in natural waters (Aurilio et al., 1994;
Kuhn and Sigg, 1993; Spliethoff et al., 1995). This study of arsenic speciation in the
Upper Mystic Lake confirms the earlier observations, but points to alternate expla-
nations for the apparent disequilibrium in both the epilimnion and the hypolimnion.
Five depth profiles of the arsenic species concentrations were collected from three
different locations in the same lake over the late summer and fall of 1994 at monthly
intervals. These data illustrated two important, previously undocumented, effects.
First, there was a very strong correlation between particulate iron and particulate
arsenic from samples collected in the hypolimnion. Consequently, sorption of ar-
senate onto amorphous iron hydroxide particles may play a dominant role in the
14
arsenate distribution in the hypolimnion. This is an important observation, because
calculations using an equilibrium sorption model show that sorption of arsenate onto
colloidal particles may explain the apparent redox disequilibrium observed in the hy-
polimnion. Second, on two dates, horizontal variability of the arsenite species in the,
presumably, well-mixed epilimnion was observed. Given the time scale for horizontal
mixing in the hypolimnion, these results suggest that the biogenic arsenate reduction
rate is actually an order of magnitude faster than the previous rate inferred from
monthly species profiles. An explanation of this phenomenon is that the oxidation
rate in the epilimnion is not slow, and that the apparent reduction rate is really the
combination of two fast competing reactions. Supporting this hypothesis, recent lab
studies by Spliethoff and Hemond (1995) have found the reduction rates observed in
the lab to be higher than what can be calculated from the lake profiles. Both of these
observations raise serious questions about the true nature of the kinetics of redox
transformations of arsenic in natural waters.
2.1.1 Literature Review of Arsenic Geochemistry
Arsenic has four stable oxidation states: -3, 0, +3 and +5. In natural waters, the +3
and +5 states, referred to as arsenite and arsenate, respectively, are dominant (Spli-
ethoff, 1995; Aurilio et al.,1994). According to the thermodynamic model described
by Ferguson and Gavis (1972), all the arsenic in the oxygenated surface waters should
be present as arsenate. Conversely, arsenite is the expected dominant form of arsenic
in the anoxic hypolimnion of a lake at pE=O, which occurs when iron reduction is the
dominant form of anaerobic respiration. Analytical measurements of arsenic specia-
tion in several lakes have shown that this thermodynamic model does not accurately
predict the dominant forms of arsenic found in the different compartments of the lake
(Kuhn and Sigg, 1993; Aurilio et al., 1994; Spliethoff et al., 1995). See Table 2.1 for
a list of the environmentally relevant geochemical reactions.
Aurilio et al. (1994), Spliethoff et al. (1995) and Kuhn and Sigg (1993) all
showed that arsenite was not only present in the surface waters of lakes but was
the dominant species during the summer months. This phenomenon was universally
15
Table 2.1: Inorganic Arsenic Geochemical Reactions for Natural Waters
Reaction K
Acid-Base Reactions t
H3As(+V)O0 ° H 2As(+V)0j + H+ 10- 2 .2
H2As(+V)O HAs(+V)02- + H+ 10-6.96
HAs(+V)02 - As(+V)03- + H+ lO-11.5
H3As(+III)O° H2As(+III)03 + H+ 10- 9.29
Reduction-Oxidation Reactions/
_HAs(+V)0- + 2H+ + e- P H3As(+III)03 + H 2 0 1
H2As(+V)O[ + H+ + e i 3As(+III)0° + 1H20 ll0.o03As V)O - iH0
Sorption to Hydrous Ferric Oxide Reactionst
-FeOH° + As(+V)0 - FeOHAs(+V)04- 1010.58 P-3*
-FeOH° + H3As(+III)O° FeO H2As(+III)0 + H20 10541
t source: Dzombak and Morel, 1990.
source: Seyler and Martin, 1984.
P varies with ionic strength and pH. See Dzombak and Morel, 1990.
attributed to the catalysis of the reduction reaction by arsenate reducing microbes in
the epilimnion. Arsenate appears to be taken up by cells as a phosphate analog. To
discharge the arsenic, the cell reduces it arsenite, in which form it can more easily
pass through the cell membrane. (Silver and Nakahara ,1983) Even though this is an
inefficient pathway, the abiotic oxidation of arsenite in the epilimnion appears to be
even slower. Therefore, it is argued, the arsenite concentration gradually builds up
in the epilimnion over the summer and early fall, during which time the microbes are
active. Spliethoff and Hemond (1995) conducted a further study in the UML which
showed that the arsenate reducing microbes appeared to be a community of large,
chain-forming phytoplankton and heterotrophic bacteria.
Arsenate has been found to be the dominant species in anoxic hypolimnia in the
absence of sulfide. This has been observed by Kuhn and Sigg (1993), Aurilio et al.
(1994), Spliethoff et al. (1995) and Aggett and O'Brien (1985). It is thought that
arsenate is transported to the sediments by sorbing to settling iron or manganese ox-
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ides. Under anoxia, these metal oxides are solubilized during anaerobic respiration of
organic matter, thereby releasing the sorbed arsenate. The kinetics of abiotic arsenate
reduction are thought to be slow, explaining why the high arsenate concentrations
in the hypolimnion persist in spite of the reducing conditions (Kuhn and Sigg, 1993;
Oscarson et al., 1981; Peterson and Carpenter, 1986).
Under lower pE conditions, reflected by the appearance of sulfide, arsenite becomes
the dominant form of arsenic in the hypolimnion. Spliethoff et al. (1995) observed
that arsenite exceeded arsenate in bottom water from the Upper Mystic Lake in
October 1992. This shift was coincident with the appearance of sulfide at the base of
the water column. Similarly, Seyler and Martin (1984) and Aurilio et al.(1994) both
conducted arsenic speciation studies on meromictic lakes which showed that arsenite
is the dominant species in the monimolimnion but that arsenate is present just below
the chemocline at much higher concentrations than expected from thermodynamics
calculations. This effect was attributed to slow abiotic reduction rates for arsenate.
Metal oxides to which arsenate is sorbed dissolve as they pass through the chemocline,
releasing the arsenate at the interface. The arsenate diffuses away from the interface,
both upwards and downwards, and, because the reduction rate is so slow, penetrates
the monimolimnion before it is finally reduced (Seyler and Martin, 1984).
2.1.2 Literature Review of Iron and Manganese Geochem-
istry in Lakes
The geochemistry of iron and manganese has been studied extensively and there is a
large body of literature on the subject which is well summarized by Davidson (1993).
The two elements are similar by the fact that they each have relatively insoluble
oxidized forms and relatively soluble reduced forms. Consequently, the distribution
and speciation of iron and manganese in lakes are controlled by the redox chemistry
of the lake. See Table 2.2 for a list of the environmentally relevant reactions of iron
and manganese. The solubility of Mn(IV)0 2 (s) is not listed in this table but is known
to be extremely low.
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Table 2.2: Iron and Manganese Geochemical Reactions in Natural Waters
Reaction logK
Solubilityt
Fe(+II)(OH) 2(s) = Fe2+ + 20H- -15.1
am-Fe(+III)(OH) 3 (s) = Fe3+ + 30H- -38.8
Mn(+II)(OH) 2(s) ' Mn2+ + 20H- -12.8
Reduction Oxidationt
am-Fe(+III)(OH)3(s) + 3H+ + e- Fe2+ + 3H20 16.0
½Mn(+IV)0 2(s) + 2H+ + e- Mn2+ + H20 20.8
t source: Morel and Hering, 1993.
For both iron and manganese, the majority of the metal enters the lake in the form
of solid metal oxides, which subsequently sink to the sediments. As the redox potential
of the hypolimnion drops, these oxides are used as terminal electron acceptors in the
anaerobic respiration of organic matter, thus reducing and solubilizing the metal.
The metal released by this respiration diffuses away from the site of reduction. Those
metals that diffuse upwards can be reoxidized and settle back to the sediments in the
higher pE water above the redoxcline (the depth at which the pE of the water equals
the pE of the oxidized and reduced metal redox couple). The distance that the reduced
metal can diffuse before being reoxidized depends on the kinetics of reoxidation,
the profile of pE and the time scale of diffusion. At this average height above the
redoxcline, a discernable peak of the particulate metal oxide will develop. Davidson
(1985) has developed a theoretical model to predict the shapes of the dissolved and
particulate metals found at and above the redoxcline. This model is robust and can
be used to interpret the shapes of the measured dissolved and particulate profiles to
estimate the depth of the redoxcline.
Both iron and manganese undergo this redox cycling. However, manganese is
reduced at a slightly higher pE than iron and has slower kinetics for its reoxidation.
Consequently, manganese is typically released from the sediments earlier after the
onset of anoxia, and tends migrate higher in the water column before reoxidation
18
than iron (Davidson, 1993).
2.2 Methods
2.2.1 Study Site
This study was conducted at the Upper Mystic Lake in eastern Massachusetts. The
Upper Mystic Lake is a small (Ao = 45 ha, Volume = 7x10 6 m3, 2 = 15 m, z,,.
= 24 m), eutrophic, dimictic kettle lake (see Figure 2-1. Thermal stratification is
established in the late spring. By early summer, the hypolimnion is usually anoxic
(Aurilio et al., 1994). The Aberjona River flows into the lake through two shallow
forebays to the north of the lake. At the south end of the lake there is a short dam
(2m) that controls the exit flow to the Lower Mystic Lake. The surficial geology of
the surrounding land consists of quaternary glacial till deposits and moraines.
Sediment cores collected from the center of the lake revealed that the sediments
contain as much as 0.2 % arsenic by dry weight at a depth of 60 cm below the
sediment-water interface (Spliethoff and Hemond (Water Research), 1995). There is
a continuing influx of arsenic to the lake from the Aberjona River of approximately
100 kgyr- l which is equally partitioned between the <0.45 um and the >0.45 um
size fractions (Solo, 1995). Aurilio et a1.(1994), Spliethoff et al.(1995) and Spliethoff
and Hemond (1995) have documented that both in situ production of arsenite in the
epilimnion and arsenate release from the sediments occur seasonally in the lake.
2.2.2 Sampling Method
Water samples were collected from marked positions in the north, center and south
sections of the lake at monthly intervals during the summer and fall of 1994 (see
Figure 2-1). The north and south sampling locations coincided with the positions
of thermistor chains that were installed to study the internal waves in the lake (see
Chapter 3). At each location, water samples for depth profiles were collected using a
persistaltic pump with acid washed tubing. A pressure sensor, attached near the base
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Figure 2-1: Upper Mystic Lake bathymetry.
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of the tube, measured the depth of the sample to within i 10 cm. On each sampling
date, a temperature and dissolved oxygen profile was collected from the center site
using either an Orbisphere 2607 meter or a YSI oxygen sensor. The YSI sensor was
only able to reach down 15 m. Consequently, profiles collected using this sensor
were incomplete. However, previous studies have shown that the temperature and
dissolved oxygen below 15 m depth were approximately 4 °C and 0 ppm, respectively,
for the late summer and fall (Aurilio et al.,1995; Spliethoff et al., 1995). Water sample
bottles were flushed three times before being filled and then kept on ice until they
were processed in the lab
2.2.3 Analytical Methods
Within 12 hours of collection half of each sample was filtered using a 0.45 ,m Millipore
MILLEX-HA sterile filter and an acid washed 25 cc syringe. The AsIII concentrations
of the filtered samples were measured within 24 hours of collection. Following the
arsenite measurement, both the filtered and unfiltered samples were acidified to pH 1
by adding a 1% HC1 matrix and stored in a dark refrigerator until the arsenate, total
iron and total manganese concentrations could be measured. No attempt was made
to keep anoxic samples away from the air.
The concentration of arsenic species in the lake water was measured using an
adaptation of the hydride generation method described in Aurilio et al.(1994) and
Andreae (1977). Both Aurilio et al.(1994) and Andreae (1977) used batch methods
where all the arsenic species in a fixed volume of sample were selectively reduced to
arsine gas (AsH3 (g)), which was then volatilized and carried to a detector by argon
gas. The continuous hydride generation method employs the same concepts except
that instead of mixing fixed volumes of sample and reagent, the sample and reagent
are mixed at a constant rate. For this method, the steady state arsine flux to the
atomic florescence detector, not the total mass of arsine generated, is proportional to
the species concentration in the lake water (PS Analytical, Ltd., 1993). This method
separates arsenite from arsenate but does not separate the methylated arsenic species
(monomethylarsonate and dimethylarsinate) from arsenate. Consequently, measured
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concentrations of arsenate are actually the sum of AsV and the methylated species.
The total iron and total manganese concentration measurements were made using
inductively coupled plasma atomic emission spectroscopy (ICP-AES).
The concentrations of AsV, Fe and Mn in each of the size fractions, <0.45 um and
>0.45 um, were either measured directly or calculated by difference. For example,
for iron,
[Fe(< 0.45um)l = [TotFefiltered (2.1)
[Fe(> 0.45um)] = [TotFe]ufiltered - [TotFe]filtered (2.2)
where [TotFe] is the total iron measured in the sample using ICP-AES. These op-
erational definitions have been adopted because colloidal species, which can pass
through this filter size, were not separated from the dissolved species by filtration.
For convenience, I will refer to the theoretical dissolved and theoretical particulate
concentrations of any metal as "diss" and "part" fractions. For the case of iron, these
would be denoted by [Fe(diss)] and [Fe(part)], respectively.
Each measurement was conducted in duplicate, at least. The 95% confidence limits
of the values were estimated from the observed variance in measured concentrations
of standard solutions using a method from Miller and Miller (1984). The sampling
variability was not determined. See Appendix A for a more complete description of
reagents and methods used to determine arsenic, iron and manganese speciation and
the methods used to estimate analytical uncertainty. See Appendix B for a description
of the tests conducted on the arsenic speciation method.
2.3 Results
2.3.1 Arsenic, iron and manganese concentrations in the
water column between Jday 221 and 337
Arsenic species
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Figure 2-2: Center profile AsIII concentration depth-time contour for Jday 221 to
Jday 337. Each gridline intersection marks a measurement.
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Figure 2-3: Center profile AsV(<0.45 um) concentration depth-time contour for Jday
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Figure 2-4: Center profile AsV(>0.45 um) concentration depth-time contour for Jday
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The temporal trends in the arsenic species profiles matched those observed by
other researchers. These trends are well illustrated by the depth-time contours of the
species at the center of the lake (Figures 2-2 to 2-4).
In the late summer, the arsenite concentration was highest in the epilimnion, where
it was the dominant species and was relatively uniform throughout the layer. Beneath
the thermocline, however, arsenite was absent everywhere except below 20 m depth.
From Jday 249 to Jday 309, the arsenite concentration in the epilimnion gradually
decreased from 10 nM to 5 nM. Over the same time period, the arsenite concentration
3 m above the sediments doubled. On Jday 337, the epilimnetic arsenite concentration
was found to be close to the limit of detection (2 nM). In the hypolimnion, however,
the maximum concentration had increased almost four times to 40 nM, and arsenite
was present as high as 5 m above the sediments.
In contrast to arsenite, both AsV(<0.45 um) and AsV(>0.45 um) were present in
the hypolimnion at much higher concentrations than in the epilimnion. From Jday 221
to Jday 309, both species were present at approximately equal concentrations at each
depth. The concentration for each species was highest just above the sediments, from
which it decreased nonlinearly with decreasing depth to close to zero at a depth of 14
m. Between Jday 309 and Jday 337, the [AsV(<0.45 um)] jumped dramatically from
approximately 70 nM to approximately 220 nM. However, this high concentration was
confined to the 3 m just above the sediments. Over the same period, a peak in the
[AsV(>0.45 um)] developed in the water column. The depth of this peak decreased
until it reached a final depth of 20 m on Jday 337.
Because of the high AsV(<0.45 um) and AsV(>0.45 um) concentrations in the
hypolimnion, the contour plots are scaled such that it is difficult to discern the relative
concentrations of AsIII, AsV(<0.45 um) and AsV(>0.45 um) in the epilimnion. Table
2.3 lists the mean concentrations for the top four meters for each species and the 95%
confidence limits for the mean. Also listed in this table is the percent of the total
arsenic, %TotAs, in the top four meters which is present as each species.
The [AsIII] declines steadily from a maximum value (15 nM) in the summer to
the detection limit (2 nM) in the late fall. This decrease was not monotonic due to a
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slight rise in the mean [AsIII] on Jday 309. The %TotAs for [AsIII] follows a similar
trend. It has maximum values on Jday 221 and Jday 309. The peaks in mean [AsIII]
and %TotAs for AsIII indicate that the biota responsible for arsenate reduction are
active both in the summer and at the time of stratification breakdown. Spliethoff
(1995) showed that a fraction of the arsenate reducers present in the epilimnion were
photosynthetic. These data may be further evidence that diatoms, which bloom in
the early spring and fall, could play a role in arsenate reduction.
For all the sampling dates, the mean [AsV(<0.45 um)] was roughly constant over
the five months. A trend was apparent, however, in the %TotAs present at AsV(<0.45
um) over this period. During the summer months, approximately one quarter of the
arsenic in the surface waters was present as [AsV(<0.45 um)]. Therefore, arsenate was
present in the epilimnion but was not the dominant species, contrary to what would
be predicted from thermodynamics. On 94309, coincident with 77% of the arsenic
existing as AsIII, the [AsV(<0.45 um)] dropped below the detection limit, resulting in
a negative %TotAs value. This may have been caused by a rapid arsenate reduction
event. Such an event would explain both the high fraction of [AsIII] and the absence
of AsV(<0.45 um). Finally, on Jday 337, 42% of the arsenic was AsV(<0.45 um)
which, when compared to 15% existing as AsIII, shows that the period of biogenic
arsenite reduction had ended for the year.
The pattern of the [AsV(>0.45 um)] in the epilimnion is difficult to interpret. On
average, there is an increase in the %TotAs associated with particles over the first two
dates. For the final three sampling dates, the percentage of arsenic in the AsV(>0.45
um) species becomes more constant with values of 44%, 32% and 43%, respectively.
Table 2.3: Mean Epilimnetic Concentrations of the Arsenic Species
Date [AsIII] [AsV(<0.45 urn)] [AsV(>0.45 um)]
Julian Day mean %TotAs mean %TotAs mean %TotAs
221 16.32 3.03 67 7.15 2.66 29 0.86 +0.21 4
249 10.53 t2.62 52 5.04 +2.55 25 4.86 0.48 24
279 7.26 +1.23 30 6.21 1.05 26 10.68 1.32 44
309 9.95 1.60 77 -0.91 2.03 -7 3.82 0.68 30
337 2.52 0.37 15 7.40 +0.54 42 7.25 +1.59 42
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This could be explained by the erosion of the thermocline during the fall season and
the subsequent upwards mixing upwards of iron and manganese colloids from the
hypolimnion. However, this trend could also reflect changes in the particulate flux
supplied to the lake from the Aberjona River.
Iron Species
The Fe(<0.45 umrn) and Fe(>0.45 um) species were not detectable from the epil-
imnion but present in high concentrations near the sediments (see Figures 2-5 and
2-6). From Jday 221 to Jday 309, the concentrations of the two species were roughly
equal with maximum values at the sediments which decreased nonlinearly with de-
creasing depth to low values by a depth of 16 m. Between Jday 309 and Jday 337, the
[Fe(<0.45 um)] more than doubled close to the sediments but remained unchanged
above 16 m. Likewise, on Jday 309, a peak of [Fe(>0.45 um)] developed just above
the sediments. Over the next month, this peak rose in the water column until it was
at a depth of 20 m on Jday 337. As with [Fe(<0.45 um)], the [Fe(>0.45 um)] above
16 m did not change over this period.
Manganese Species
For all the profiles between Jday 221 and Jday 337, the Mn(<0.45 um) concentration
increased approximately linearly from zero at the base of the thermocline to a maxi-
mum value of 50 uM at the sediments. As the base of the thermocline deepened, the
slope of this profile increased. Figure 2-7 clearly shows how the depth at which man-
ganese was first detectable increased over the fall, following the trend of thermocline
erosion. The Mn(>0.45 um) was below detection everywhere in the lake during the
entire sampling period.
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Figure 2-5: Center profile Fe(<0.45 um) concentration depth-time contour for Jday
221 to Jday 337. Each gridline intersection marks a measurement.
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Figure 2-6: Center profile Fe(>0.45 um) concentration depth-time contour for Jday
221 to Jday 337. Each gridline intersection marks a measurement.
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2.3.2 Observations of horizontal heterogeneity
Epilimnion
On Jday 249 and Jday 279, the epilimnetic [AsIII] and [AsV(<0.45 um)] were different
within the analytical uncertainty in the measurements (see Figures 2-8 and 2-9). On
both of the days, the sum of [AsIII] and [AsV(<0.45 um)] at each depth was constant
for all the profiles within this same analytical uncertainty. The wind was from the
north on both days and was stronger (5 ms-') than it was on the other three sampling
days.
Hypolimnion
For the first three sampling days, the north, center and south profiles of all the
species in the hypolimnion were identical within the analytical uncertainty of the
measurements. However, on Jday 309 and Jday 337, clear differences between the
north profile and the center and south profiles were evident. On Jday 309 (see Figures
2-10 and 2-11), the bottom sample of the north profile was almost 30 /sM higher in
[Fe(<0.45 um)] and 10 nM higher in [AsIII] than what was observed at the same depth
in the center of the lake. Differences of this magnitude could not be accounted for by
analytical uncertainty in the measurements. In addition, the peak of [Fe(>0.45 umrn)]
in the north profile was 2 m higher in the water column than the peak observed in the
center profile. On Jday 337 (see Figures 2-12 and 2-13), many of the samples from the
hypolimnion from the north profile had different measured species concentrations than
samples taken from the same depths at the center and south locations. In fact, the
overall shapes of the [AsIII], [AsV(<0.45 umrn)] and [Fe(<0.45 um)] profiles measured
at the north location were distinctly different than those measured at the center and
south positions. Using the theoretical model of Davidson (1985), the differences in
the geometries of the [Fe(<0.45 um)] profiles can be used to infer differences in the
redox potential at the north and center sites. The more linear shape of [Fe(<0.45
um)] of the north profile suggests that the iron redoxcline at this end of the lake was
above the sediments. The concave shaped profiles at the center and south positions,
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Figure 2-8: Eplimnetic arsenic species profiles collected on Jday 249 (September
6, 1994). In each plot, profiles marked with different letters were shown to have
statistically different mean values at the 99% confidence level with a Bonferroni t-
test.
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Figure 2-9: Eplimnetic arsenic species profiles collected on Jday 279 (October 6, 1994).
In each plot, profiles marked with different letters were shown to have statistically
different mean values at the 95% confidence level with a Bonferroni t-test.
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however, suggest that the redoxcline at these positions was still below the sediment-
water interface.
2.4 Discussion
2.4.1 Arsenic, iron and manganese cycling in the Upper
Mystic Lake
The pattern of temporal variation of the arsenic species in both the epilimnion and
the hypolimnion matches the observations made by other researchers in lakes with
seasonally anoxic hypolimnia (Kuhn and Sigg, 1993; Aurilio et al., 1994; Spliethoff
et al., 1995). Arsenite is the dominant species in the epilimnion during the summer
months and then gradually decreases to low concentrations in the fall. Over that same
period, the arsenate concentrations in the water just above the sediments increased,
suggesting that arsenate was released from the sediments. The arsenate concentration
at these depths was always much larger than the arsenite concentration. Therefore,
this study confirms the previous observations that during the warm season AsIII and
AsV are the dominant species in the epilimnion and the hypolimnion, respectively.
In early December, there was a sudden jump in the arsenate and arsenite con-
centrations above the sediments. This last observation is consistent with the UML
studies conducted by Spliethoff et al. (1995) who concluded that the biogeochemical
cycling of arsenic in the hypolimnion of the UML was very sensitive to small changes
in the redox potential of the hypolimnion. In particular, the appearance of sulfide
was coincident with large releases of arsenic from the sediments, the majority of that
arsenic occurring as arsenite. This study cannot confirm that these releases only
occur in the presence of sulfide. However, the sudden jump in arsenate and arsen-
ite concentrations supports the idea that the arsenic released from the sediments is
sensitive to small changes in the pE of the hypolimnion.
The iron and manganese measurements also conform to the expected behavior of
these metals in stratified lakes. The absence of Mn(>0.45 um) for all the sampling
35
3
mui
&
I4In
A
vi1oVa
(m) doaa
Figure 2-10: Arsenic species profiles collected on Jday 309. The approximate top of
the thermocline is shown.
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Figure 2-12: Arsenic species profiles collected on Jday 337. The approximate top of
the thermocline is shown.
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profiles collected on Jday 337. The approx-
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days is consistent with the pE of the hypolimnion being well below the pE for the
MnO2 (s)-Mn2+ redox couple (pE=10). Therefore, the dissolved Mn2+ could not be
reoxidized in the hypolimnion, only Mn2+ that diffused across the thermocline en-
countered an oxidizing environment. Once in the epilimnion, the Mn2+ is diluted to
very low concentrations by the relatively large volume of the surface waters. Because
of the slow kinetics of reoxidation of Mn2+, the Mn2+ is flushed from the system be-
fore it can be converted back to MnO 2 (s). This same behavior has been documented
by Benoit (1990) for Bickford Reservoir. In contrast, the very prominent Fe(>0.45
um) peak shows that the redoxcline for the iron couple was at or just above the sedi-
ments for all the sampling days (Davidson, 1985). Therefore, during this field season,
the pE of the hypolimnion appears to have been dominated by the amFe(OH) 3-Fe2 +
couple (pE=0). The large increases in iron species concentrations near the sediments
between Jday 309 and Jday 337 may reflect a slight decrease in the redox potential
close to the sediments.
2.4.2 Inferred in situ reduction and oxidation rates for ar-
senic in the epilimnion
Figures 2-8 and 2-9 show the profiles of epilimnetic arsenic species collected on Jday
249 and Jday 279, respectively. The error bars in these figures are the 95% confi-
dence limits for analytic uncertainty in the measurements. Considering only analytic
uncertainty, on both Jday 249 and Jday 279, one of the three profiles is significantly
different from the other two for both AsV(<0.45 um) and AsIII concentrations at
all depths. On Jday 249, the south profile has higher AsIII and lower AsV(<0.45
um) concentrations on average than the north or center profiles. On Jday 279, the
north profile AsV(<0.45 um) concentration is higher and AsIII concentration is lower
than the other two profiles. On both days, the sum of the AsIII and AsV(<0.45 um)
concentrations for the three profiles appear to be the same.
The level of statistical confidence in these differences was calculated using a Bon-
ferroni t-test. To use this test it must be assumed that the epilimnion is vertically
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well-mixed and that the variation in a species' concentration with depth is a manifes-
tation of the sampling uncertainty for that species. The fact that all the profiles are
vertically uniform supports this hypothesis. Comparing profiles in this manner also
requires that the sampling uncertainty be greater than the analytic uncertainty. This
is true for all but one of the eighteen profiles (3 species times 3 profiles times 2 days)
which justifies the use of this statistical test. For Jday 249, there was a 99% proba-
bility that the mean AsV(<0.45 um) and mean arsenite concentrations of the south
profile were statistically lower and higher, respectively, than the mean AsV(<0.45
irm) and mean AsIII concentrations of the center and north profiles. The mean AsIII
+ AsV(<0.45 um) concentrations of the three profiles were identical at the same level
of confidence. For Jday 279, the mean AsIII and AsV(<0.45 um) concentrations of
the north profile were statistically lower and higher, respectively, than those of the
center and south profiles with a 95% level of confidence. Again, the mean AsIII +
AsV(<0.45 um) concentration for each of the three profiles were identical at the same
confidence level.
These observations of horizontal heterogeneity in the epilimnetic arsenic species
contradict the conventional understanding of arsenic geochemistry. In previous stud-
ies, the reduction of arsenate to arsenite was thought to be a slow, biogenic process
(Aurilio et al., 1994; Spliethoff and Hemond, 1995). Zero order rate constants of in
situ arsenite production from Aurilio et al (1994) predict that arsenite concentrations
could increase at a maximum rate of 0.12 nMd-l. Because the epilimnion is mixed on
a time scale of hours, if the reduction rate were as slow as 0.12 nMd - ', the arsenite
concentration in the epilimnion should always be uniformly mixed. For a difference
in the species to be observable, the time scale of the reaction must be shorter than
the time scale of mixing in the epilimnion. Therefore, the observations of horizontal
heterogeneity in both the AsIII and AsV(<0.45 um) species suggest that the observed
in situ reduction rates are really the net result of a rapid reduction reaction and a
rapid re-oxidation reaction. This is also supported by the fact that the sum of the
AsIII and AsV(<0.45 um) species remained constant for all the profiles on each day.
The fact that reduction of arsenate and oxidation of arsenite occur in the epilimnion
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is well known. What these observations suggest is that these are rapid rather than
slow reactions.
The necessary minimum rate constants for the reduction and oxidation reactions
can be estimated from the time scale of mixing in the epilimnion and the observed
horizontal variation in the arsenic species profiles. If the differences in the profiles are
assumed to be caused by one of the reaction pathways being temporarily inhibited,
the rate of the other reaction must be at least equal to that of the mixing processes
in the epilimnion. Assuming an average velocity of 1 cms- l for the epilimnion and
using the horizontal distance between stations (200 m), the time scale of advection
mixing is approximately 6 hours. Spliethoff and Hemond (1995) has shown from
laboratory studies using lake water that the reduction reaction rate approximately
follows Michaelis-Menten kinetics and should be first order for the concentrations
of arsenate found in the lake. A first order reduction rate constant, ked, can be
estimated from the Jday 249 profiles by:
red= [As [AsV] A[AsI] ) /[AsV] (2.3)
where A [AsIII] is the approximate [AsIII] difference between the south and the other
two profiles (5 nM), At is the time scale of mixing in the epilimnion (6 hours), and
[AsV] is the approximate arsenate concentration for the center and north profiles (5
nM). Using these assumptions, kred - 0.2 hr- 1. A similar estimate of the oxidation
rate constant, koo, can be made from the Jday 279 data using the following equation:
ko = ([ V] [AsIII] / A[VI[AsIII] (2.4)Ot At
where A[AsV] is the approximate difference in arsenate concentration between the
north profile and the other two profiles (3 nM) and [AsIII] is the average arsenite
concentration of the center and south profiles (8 nM). This calculation yields that ko,
A 0.06 hr-l.
The estimates for k,ed and ko, are lower bounds for the true reduction rate con-
stants. First, it is only possible to infer that the reaction rate must be at least equal
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to the rate of mixing. The rate constants calculated are the slowest possible rate
constants that could explain the observations. Second, in this calculation, I have ar-
bitrarily assumed that one reaction is blocked completely. In reality, both pathways
will be operating at all times. Therefore, since the calculated reaction rate is really
a net reduction or oxidation rate, it is necessarily smaller than either the true kred
or the true ko,. Third, the time scale for mixing is based on a low estimate of the
flow velocity in the epilimnion. On both Jday 249 and Jday 279, the 10 m wind
speed was from the north at approximately 5 ms-l. The approximate surface drift
velocity on these days should have been 10 cms- 1 (Wetzel, 1975). Therefore, the 1
cms - 1 estimate of epilimnetic flow velocity used in the calculations is a low estimate
of the true velocity scale for the epilimnion. Consequently, the calculated kred and
ko, values are low estimates of the true kre and k,, values.
The estimates for the in situ reduction rate constants are supported by laboratory
measurements of k,, made by Spliethoff and Hemond (1995). Spliethoff and Hemond
(1995) collected water from the surface at the center of the lake and measured the
reduction rate in the laboratory. For the month during which the Jday 249 profile
was collected, they calculated a k7r of 0.1 hr -1 . Because they were simultaneously
observing very small net reduction rates in situ from monthly profiles of the arsenic
species in the epilimnion, they concluded that the laboratory procedure must exag-
gerate the reduction rate. The fact that the Jday 249 data predict a very similar kred
from in situ observations suggests that the reduction reaction may indeed be fast.
Bringing lake water into the lab may inhibit the oxidation reaction which made it
possible for Spliethoff and Hemond (1995) to measure such the higher ked.
Therefore, the observations of epilimnetic horizontal variability of the arsenic
species suggest that the redox transformations occurring in the epilimnion are much
faster than previously believed. The laboratory studies conducted by Spliethoff and
Hemond (1995) support the reduction rate as estimated from these observations. Be-
cause it appears that the reoxidation reaction is blocked when a sample is brought
from the field to the laboratory, the reoxidation pathway may involve photochemistry.
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2.4.3 Explanation for the apparent redox disequilibrium be-
tween arsenite and arsenate in the hypolimnion
On all the days and at all depths in the hypolimnion, [AsV(>0.45 um)] was found
to correlate well with [Fe(>0.45 umrn)] but not with [Mn(>0.45 um)]. This correlation
may reflect a chemical equilibrium between dissolved arsenate, sorbed arsenate and
particulate iron oxides in the water column. If such an equilibrium were shown to
exist, the dissolved arsenate concentration could be much smaller than the measured
[AsV(<0.45 um)] and the ratio of the dissolved arsenate and arsenite would match
predictions from thermodynamics for the pE of the anoxic hypolimnion. Therefore,
while the majority of the arsenic in the hypolimnion is AsV, almost all of the AsV may
be sorbed to iron oxides. Consequently, the apparent redox disequilibrium observed
by other researchers may have been caused by incomplete separation of particulate
and dissolved species.
For each profile collected, the [AsV(>0.45 um)] was strongly correlated with the
[Fe(>0.45 um)] but not with the [Mn(>0.45 um)]. First, considering only the samples
collected at or below 10 m depth, the correlation coefficient, r, between [AsV(>0.45
um)] and [Fe(>0.45 um)] was 0.94 (n=116). For these same samples, the correlation
coefficient between [AsV(>0.45 um)] and [Mn(>0.45 um)] was only 0.18. Second, the
peak of [AsV(>0.45 um)] was coincident at depth with the peak of [Fe(>0.45 um)]
over the last two months of the fall (see Figures 2-4 and 2-6). At no time during the
field season did a peak of [Mn(>0.45 um)] even develop. Third, small variations in
the [Fe(>0.45 um)] between the north, center and south profiles were mimicked by
identical inter-profile variations in [AsV(>0.45 um)] (see Figures 2-12 and 2-13). This
observation suggests that neither coincidence nor vertical stratification is the cause
of the correlation. Finally, the changes in the hypolimnetic inventories of arsenic and
iron follow each other while the inventory for manganese does not match the other
two (see Figure 2-14). These four pieces of evidence lead me to conclude that sorption
of arsenate to iron oxides is a more important process than sorption to manganese
oxides in the UML. Because other parameters such as particulate organic matter
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Figure 2-14: Evolution of the hypolimnetic inventories of total arsenic, iron and
manganese in the UML over the late summer and fall of 1994. This calculation
was performed using an area-depth relationship for the lake and the center profile
concentrations of the different species.
concentration were not measured, it cannot be proven that iron oxide is the only
sorption site for arsenate. However, these data imply that sorption to iron is a viable
process for arsenate in the hypolimnion of the lake.
The sorption of arsenate to hydrous ferric oxide can be described using a surface
complexation model with an equilibrium partitioning constant, Kp.
Kp = [AsV(part)]
[AsV(diss)][- FeOH] (2.5)
where [FeOH] is the concentration of iron hydroxide sorption sites (De Vitre et al,
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Figure 2-15: Apparent partitioning constant vs log[Fe(>0.45 um)]. Note the linear
trend. Samples in which the either [AsV(<0.45 um],[AsV(>0.45 um] or [Fe(>0.45
um] were less than or equal to zero have been excluded from this plot.
1991). The apparent Kp was calculated for each sample using Equation 2.5 by sub-
stituting [AsV(<0.45 um)] for [AsV(diss)] and y[Fe(>0.45 um)] for [FeOH], where
= 0.2 sorption sites per mol iron oxide. Figure 2-16 shows the apparent Kp and
[Fe(>0.45 um)] for each sample plotted against depth. Figure 2-15 is a plot of the ap-
parent Kp vs. [Fe(>0.45 um)] for each sample. The inverse relationship between the
apparent Kp and [Fe(>0.45 um)] is a strong indication of the "particle concentration
effect". The particle concentration effect describes how apparent Kp's should vary
if there is sorption to colloids and filtration is used to separate particulate and dis-
solved species. The colloidal concentration is thought to be proportional to the large
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Figure 2-16: Apparent partition constant (hollow circles) and [Fe(>0.45 um)] (solid
circles) vs. depth for all the profiles collected between Jday 221 and Jday 337. Note
the "particle concentration effect". The marked thermocline is only an approximation
of the top of the thermocline because the actual thermocline fell from 4 m to 10 m
during the sampling period. Samples in which the either [AsV(<0.45 um],[AsV(>0.45
um] or [Fe(>0.45 um] were less than or equal to zero have been excluded from this
plot. These samples were found exclusively in the epilimnion which explains why
there are so few points plotted above the thermocline.
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particle concentration (Gschwend and Wu, 1985). Therefore, as the large particle
concentration increases, the mass of the species sorbed to colloids increases as well. If
filtration is used to distinguish between particulate and dissolved species, the colloids
pass through the filter and the mass of the species sorbed to the colloids appears as
the mass of "dissolved" species. This effect serves to depress the apparent Kp as the
particulate species concentration increases (Gschwend and Wu, 1995). Because this
trend is so evident for these data, I conclude that iron oxide colloids are present in the
water column and that a fraction of the [AsV(<0.45 um)] is really arsenate sorbed to
colloids.
The fraction of [AsV(<0.45 um)] that is [AsV(diss)], the concentration of the truly
dissolved species, could be as low as 0.04% if the arsenate sorption reaction were at
equilibrium with the iron oxides present in the water column. Using average values for
the total arsenate concentration, [TotAsV], (10-67 M) and the total iron oxide concen-
tration (10- 5.7 M), a simple equilibrium surface complexation calculation shows that
[AsV(diss)]/[TotAsV] should be 10- 3.7 (Dzombak and Morel, 1990). The observed
ratio of [AsV(<0.45 um)]/[TotAsV] is only 10- °03. Consequently, assuming that the
sorption reaction is at equilibrium, the ratio of [AsV(diss)] to [AsV(<0.45 um)] should
be 10-34 and [AsIII]/[AsV(diss)] p- 103 4 [AsIII]/[AsV(<0.45 um)] Therefore, [AsIII]
and [AsV(diss)] may be present at the ratio predicted by thermodynamics for the pE
of the hypolimnion, if the majority of the [AsV(<0.45 um)] is really arsenate sorbed
to colloids.
To test whether sorption could explain the apparent redox disequilibrium of arse-
nate and arsenite in the hypolimnion, I calculated what the equilibrium [AsV(diss)]
would be for each sample assuming equilibrium sorption to iron oxides. This calcula-
tion was done using a surface complexation model for iron hydroxides from Dzombak
and Morel (1990) and some reasonable assumptions for the pH and pE of the hy-
polimnion. The total arsenate concentration, Tot(AsV), used in the model was the
sum of [AsV(<0.45 um)] and [AsV(>0.45 um)]. Two assumptions were necessary to
estimate the total surface sorption sites, Tot(-FeOH). First, the apparent Kp was as-
sumed to differ from the equilibrium Kp solely due to the sorption of arsenate on iron
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colloids. Second, these colloids were assumed to have the same sorption properties as
the larger particles. In particular, both colloids and particles were assumed to have a
surface sorption sites to mass ratio of y. Using these assumptions, the concentration
of sorption sites available on iron colloids, [FeOH(col)], for each sample could be
estimated from (Gschwend and Wu, 1985):
Ktrue - .PP[ FeOH(col)] = K PK P (2.6)
The Tot(FeOH) was then calculated as the sum of 7y[Fe(>0.45 um)] and [-FeOH(col)].
The estimation of [FeOH(col)] was necessary to accurately reflect the system. If
y[Fe(>0.45 um)] had been used for Tot(=FeOH), the answer would call for almost
all of the arsenate to be in the form of [AsV(>0.45 um)], which was not observed.
As a check, [Fe(<0.45 um)] was compared with [FeOH(col)]/y for each sample.
Only two of the 116 samples from the hypolimnion had [Fe(<0.45 um)] less than
[-FeOH(col)]/-y. The typical conditions in the lake were assumed to be pH 6.4 and
pE -0.4 (Environmental Quality Division, MDC, 1980; Morel and Hering, 1993). Be-
cause the pE and pH gradients were not known, the calculation assumed uniform pE
and pH for the entire hypolimnion throughout the late summer and fall.
Figure 2-17 shows the result of this calculation. The measured [AsIII]/[AsV(<0.45
um)], the calculated [AsIII]/[AsV(>0.45 um)] and the equilibrium [AsIII]/[AsV(diss)]
ratios are shown. While the calculated ratios are not exactly the same as the theo-
retical value, arsenate sorption to iron colloids can account for most of the difference
between the measured and equilibrium ratios. The increase in both the measured and
calculated ratios near the sediments probably reflects the more reducing conditions
that are likely to exist there than at other depths in the hypolimnion which were
farther away from the sediments.
This calculation shows that the apparent redox disequilibrium in the hypolimnion
of the UML can be explained by sorption of arsenate to iron colloids, assuming the
presence of iron oxide colloids and sorption equilibrium. However, whether this is
happening in the hypolimnion of the Upper Mystic Lake has not been proven. The
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Figure 2-17: Estimated (solid circles), observed (hollow circles) and theoretical (solid
line) [AsIIII/[AsV(diss)] ratios. The equilibrium ratio was calculated from thermody-
namic constants for pH 6.4 and pE=-0.4. The estimated ratio was calculated using
a surface complexation model and assuming pH 6.4 for the entire hypolimnion for all
five sampling dates.
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assumption that the arsenate sorption reaction is at equilibrium needs to be tested.
Likewise the presence of iron oxide colloids in the water column must be confirmed
by field studies. If these were shown to be true, though, the ratio of arsenite and
arsenate in the hypolimnion would conform to thermodynamic predictions. Such a
result would be more satisfying and give us more insight into the expected behavior
of arsenic in natural water than the current paradigm where the arsenate-arsenite
ratio is controlled by kinetics.
2.5 Conclusions
Arsenic species profiles collected during the late summer and fall from the Upper
Mystic Lake confirmed the previous observations of arsenic speciation in stratified
lakes. However, unexpected observations of horizontal heterogeneity and a very strong
correlation between [AsV(>0.45 um)] and [Fe(>0.45 um)] are evidence that the con-
ventional wisdom on arsenic geochemistry may be incorrect. First, the observed
horizontal heterogeneity in epilimnetic arsenic species is only possible if the arsenate
reduction rate is an order of magnitude faster than its present estimate. Conse-
quently, the slow in situ reduction rate observed from monthly profiles must reflect a
competition between this reduction reaction and an equally fast oxidation reaction.
Because the oxidation reaction appears to be inhibited in the laboratory, photochem-
istry may be important for the reoxidation of arsenite. Second, the strong correlation
between [AsV(>0.45 um)] and [Fe(>0.45 um)], and the "particle concentration effect"
of [Fe(>0.45 um)] on the apparent Kp, are good evidence that arsenate is sorbed to
iron oxides in the water column. A simple equilibrium model demonstrated that if
the arsenate sorption reaction were assumed to be at equilibrium, the ratio of [AsIII]
to [AsV(diss)] would be correct for the pE of the hypolimnion. While this hypothesis
is not proven, it offers a different way to look at arsenic redox chemistry in anoxic
waters than the traditional kinetics limited approach. Therefore, both observations
imply that the abiotic redox transformations of arsenic in natural waters may be
much faster than they are presently considered.
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Chapter 3
Internal Seiches of the Upper
Mystic Lake
3.1 Introduction
Internal seiches are standing waves on the internal density interfaces in a lake. They
are excited by wind stress on the surface of the lake. The oscillation of these interfaces
creates shear stresses throughout the water column and, if the amplitudes are large
enough, can cause the bottom water to upwell to the surface at the upwind end of
the lake. Shear stress increases turbulence production and thus turbulent diffusivity
which can cause rapid mixing (Miinnich et al.,1992). Upwelling, on the other hand,
advects hypolimnetic water directly to the surface (Miinnich et al., 1992; Stevens,
1991; Imberger and Patterson, 1990).
Because of its thermal stratification and the persistent regional winds, internal
seiches are expected to occur in the Upper Mystic Lake. These seiches could increase
both the diffusive and advective fluxes of arsenic from the sediments and lower waters
to the surface waters. Estimates of these fluxes are crucial for predicting possible
human exposure to arsenic as well as understanding the arsenic geochemical cycle in
the lake.
Miinnich et al. (1992) and Monismith (1985) have shown that the density struc-
ture of small lakes can be approximated as three layers of uniform density: a thick
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epilimnion and a thick hypolimnion separated by a thin metalimnion. In a three
layer system, there are only two possible vertical modes for internal seiches. For a
first vertical mode seiche, V1, the two internal interfaces oscillate in phase, holding
the metalimnion thickness constant. For the second vertical mode seiche, V2, the two
interfaces oscillate 180° out of phase. As a result, the metalimnion thickness is alter-
nately compressed and stretched (Miinnich et al.,1992; Monismith, 1985; Imberger
and Patterson, 1990).
A seiche is also defined by its horizontal mode which is determined from the
number of horizontal nodes in the standing wave. A first horizontal mode seiche,
H1, has a single node at the center of the lake. The second horizontal mode seiche,
H2, has two nodes, one at one quarter the length of the lake, L/4, and one at three
quarters the length of the lake, 3L/4. Therefore, simultaneous observations of an H1
seiche at both ends of the lake will be 180° out of phase (Miinnich et al., 1992). In
contrast, the same observations of an H2 seiche would be in phase. Miinnich et al.
(1992) provides a good description of the internal seiche nomenclature.
Even when a certain seiche is possible based on the density structure in a lake,
whether it actually occurs depends on the wind stress forcing on the lake surface.
Therefore, theory can predict the possible seiches but measurements are needed to
ascertain which of the possible internal seiches are present in any particular lake.
Miinnich et al. (1992) and Wiegand and Chamberlain (1987) conducted studies on
lakes with the same physical dimensions as the UML. These investigations found the
V2H1 and VIH1 seiches to be the most important in these lakes. Higher vertical
modes have been observed in very small lakes (LaZerte,1980). Similarly, higher hori-
zontal modes have been observed in lakes but are rare (Lemmin, 1987). Therefore, for
the UML, it is expected that the dominant internal seiches will be the V2H1 and/or
the VIH1.
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3.2 Methods
To determine the dominant internal seiche in the UML, a thermistor chain, con-
structed by Coastal Leasing, Inc., was deployed at positions A and B along the
north-south axis of the lake from Jday 260 to Jday 296 in 1994 (see Figure 3-1).
Because the winds are primarily from magnetic north (Figure 3-2) and the long axis
of the lake is aligned north to south (magnetic), the largest internal seiches were
expected to occur along this north-south axis of the lake. The thermistor chains
consisted of seven thermistors (0.1°C) on a cable connected to a submersible dat-
alogger. This system was suspended below a buoy whose horizontal position was
fixed by a three point anchor. The thermistors were located approximately 5, 8, 10,
12, 14, 16, and 19 m below the surface. Data were recorded every minute, averaged
into 10 minute bins and then smoothed with a three-point triangular filter. Isotherm
depths were calculated by linearly interpolating the temperature between the ther-
mistors. Spectral analysis on the isotherm depth records was performed using the
Welch method of power spectrum estimation (Oppenheim and Schafer, 1975). The
record of 5110 points was divided into subsections of 512 points which were Han-
ning windowed, detrended and transformed using a 512 point fast Fourier transform
algorithm. The Fourier transforms of each section were then averaged to estimate
the power spectrum of individual isotherm signals and the coherence and complex
transfer functions between different signals. (Little and Shure, 1992).
Even though the position of each thermistor on a chain was fixed relative to the
other thermistors on that chain, it was impossible to accurately measure its absolute
depth below the surface. The two chains were deployed in the same manner, yet the
thermistors at position A ended up at slightly different depths than those at position
B. Because the exact vertical offset between the chains was not known, but known
to be small, the thermistors at position A were assumed to be at the same depths as
those at position B. As a result, the average depths of the same isotherm calculated
from data collected at positions A and B were slightly different. The variance of the
isotherm depth, not its absolute value, was used in the spectral analysis, which made
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Figure 3-1: Upper Mystic Lake bathymetry. Thermistor chains were located at posi-
tions A and B. The anemometer was located at the Medford Boat club on the south
shore of the lake.
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Figure 3-2: Wind rose for wind direction data collected from Jday 256 (September
13, 1994) to Jday 350 (December 16, 1994). The rose has been normalized by the
largest number in a bin (900). 0 is magnetic North.
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this error unimportant.
Wind speed and direction at approximately 10 m above the lake surface were
measured every minute at the Medford Boat Club on the south shore of the lake by
a Campbell Scientific Wind Sentry anemometer and a CR10 datalogger (see Figure
3-1. These data were averaged into 10 minute bins and combined to estimate the
wind stress along the north-south axis of the lake using a quadratic drag law:
S = PCDW2 cos(O) (3.1)
where W is the wind speed in ms- 1, is the direction from which the wind is blowing,
S the wind stress on the surface of the lake along its north-south axis, p is the density
of air and CD is an empirical drag coefficient (Miinnich et al., 1992). For convenience,
both p and CDo were set equal to 1. Therefore, the calculated values of S are only
proportional to the actual wind stress on the lake and have units of m2s-2 .
3.3 Results and Discussion
3.3.1 Isotherms
The VH1 and V2H1 internal seiches are the dominante seiches observed in the UML.
They were identified by examination of isotherm depth oscillations using spectral
analysis and by comparison to a simple seiche model.
Spectral analysis of the isotherm depth record shows that there are two dominant
frequencies of oscillation for the internal seiches in the UML. The power spectra of the
10°C isotherms and the 4°C isotherms are shown in Figure 3-3. For all the isotherms,
the majority of the variance is accounted for by two broad peaks centered on 0.09 cph
and 0.5 cph, covering ranges from 0.06 to 0.14 cph and 0.4 to 0.6 cph, respectively.
The 0.5 cph frequency is much more prominent in the 10°C than the 4°C isotherms.
According to theory, the V1 seiche will have its maximum displacement at the center
of the thermocline (Muiinich et al. (1992)). Therefore, because the 10°C isotherm
was located in the center of the thermocline, the fact that the 0.5 cph frequency is
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strong for it and not for the 4°C isotherm is evidence that the 0.5 cph frequency
is a V1 seiche. Further testing of this hypothesis by analyzing isotherms above the
thermocline was not possible, because the isotherms higher than 10°C fell in regions
with low temperature gradients, making the amplitudes of the observed temperature
fluctuations close to the accuracy of the thermistors (1°C).
The phase difference at individual frequencies between different records can be
estimated using the coherence and complex transfer functions. The coherence function
is a measure of the strength of a certain frequency oscillation in both signals. For pure
sine waves with the same frequency, the coherence will be 1. However, for pure sine
waves of different frequencies, the coherence will be 0. The complex transfer function
is the phase shift between two signals for their common frequencies. These two
functions are not independent, however. Reliable phase shift estimates can only be
made from the complex transfer function for frequencies with high coherence between
the two records. In natural records, frequencies are said to be in and out of phase if
their coherence is high and their phase is approximately 0° or 1800 , respectively.
Figure 3-4 shows the calculated coherence function and complex transfer function
between several sets of signals. The vertical bars on this graph mark the ranges of
the observed 0.09 cph and 0.5 cph peaks from the power spectra of the isotherms. To
determine the vertical mode of the seiches, the 10°C and 4°C isotherms at positions
A and B are compared in the top two plots. In the position A comparison (first
plot), the coherence is high and the phase is approximately zero for the entire 0.5
cph frequency range. In the position B comparison (second plot), the coherence is
high and the phase is approximately 180° for the lower half of the 0.09 cph frequency
range. The fact that the phase is not 1800 for the entire range may indicate that the
assumed range is incorrect. Therefore, the 0.09 cph and the 0.5 cph frequencies are
V2 and V1 internal seiches, respectively. The horizontal mode of these seiches can
be determined by comparing the 10°C and 4°C isotherms at the different positions as
shown in the bottom two graphs. In the 10°C isotherms comparison (third plot), the
coherence for the 0.5 cph range is high and the phase is clustered around ±180 ° . The
coherence for the 0.09 cph range is highest in the 4°C isotherms comparison (fourth
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relate to mechanical energy input to the lake.
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Figure 3-5: Time series of isotherm depths for Jday 276 to Jday 280.
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plot) which also shows that the phase is consistently approximately 180° for the entire
range. Therefore, both the 0.09 cph and 0.5 cph frequencies are HI seiches.
The identification of the V2H1 and the V1H1 internal seiches by spectral analysis
can be confirmed by visual inspection of the isotherm depth records. Figure 3-5 has
plots of the 10°C isotherms and the 4°C isotherms versus Julian Day for a four day
period, which correspond to the same isotherm comparisons made in the coherence
phase diagrams. The 0.5 cph oscillations are ubiquitous but are most obvious in the
position B 10°C isotherm at the end of Jday 278 (second plot). Comparison of the
position A 10°C isotherm with the position B 10°C isotherm (third graph) and the
position A 4°C isotherm (first graph) respectively reveal that this seiche is out of
phase horizontally but in phase vertically. The position A 4C isotherm fluctuations
on Jday 278 (fourth graph) are the best example of the 0.09 cph oscillations. If the
position A 10°C isotherm, the position A 4°C isotherm (first graph) and the position
B 4C isotherm (fourth graph) are contrasted for Jday 278, it is apparent that the
0.09 cph oscillation is out of phase both vertically and horizontally.
Finally, the observed frequencies for the V1H1 and V2H1 internal seiches can be
predicted from the geometry and the density structure of the lake. Neglecting Earth
rotation, nonlinear terms, and viscosity, and assuming small interfacial displacements
relative to the layer thicknesses and the Boussinesq approximation, the mass and
momentum conservation equations for the ith layer in a rectangular lake of n layers
are:
at --gAij x7 (3.2)
aui -B a'qi (3.3)
ax t
where
Aij =1 if j=1 (3.4)
Aij -- p j - 1 if i>j and jl (3.5)
Po
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Ai =O if i<j
and
1
Bij =-
B =0-1
Bij =0
if j=i
if j=i+1
if j<i or j>i+l
(3.7)
(3.8)
(3.9)
and p is the density of layer j, p is 1000 kgm- 3, hj is the thickness of layer j under
static equilibrium, ui is the depth averaged velocity in layer i, ii is the interfacial
displacement at the top of layer i, i is the index for the layers with i = 1 for the top
layer and g is 9.81 ms - 1 (Monismith, 1985). If the time derivative of Equation 3.3 is
subtracted from the spatial derivative of Equation 3.2 and a solution of the form:
tlj = Re(7 ei(-wt)) (3.10)
is substituted for qij, the system of equations can be reduced to the eigenvalue problem
Aijrij = Bijj (3.11)
where
=- (e (3.12)
is the eigenvalue for each solution. The first 3 solutions correspond to the surface
seiche and the V1 and V2 internal seiches, respectively. Therefore, the expected
frequency for the V2H1 or the VH1 internal seiche can be calculated by
= (Aig)2
2L (3.13)
where L is the length of the rectangular lake and i = 2 for the VIH1 internal seiche
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(3.6)
and i = 3 for the V2H1 internal seiche (Miinnich et al.,1992).
Using this technique, the V2H1 and VIH1 frequencies were predicted based on an
estimated density structure from the average temperature recorded by each thermistor
and the thermal expansivity of water (Gill, 1982). The lake was partitioned into 24,
1 m thick layers. Each layer was assigned a density based on a linearly interpolated
density profile. For the layers above or below the highest or lowest thermistor, the
density was calculated by assuming that the average temperature for that layer was
equal to that of the highest or lowest thermistor, respectively. This assumption is
valid because the top and bottom thermistors were well within the epilimnion and
hypolimnion, respectively, which are vertically well-mixed compartments of the lake.
The matrices Aij and Bij were then constructed and the eigenanalysis performed. To
calculate w, a range of L values between 600 m and 1000 m was used. This range
spanned from the longest to the shortest possible L, the length of the north-south
axis on the z = 0 m and the z = = 15 m isobaths, respectively. The predicted
ranges of frequencies are listed in Table 3.1.
Table 3.1: Predicted and Observed Frequencies for Internal Seiches
Seiche Predicted Frequency (cph) Observed Frequency (cph)
V1H1 0.37 to 0.62 0.40 to 0.60
V2H1 0.11 to 0.19 0.06 to 0.14
Both the observed ViH1 and the observed V2H1 seiche frequency ranges overlap
with the range of frequencies predicted by this method. The fact that the observed
frequencies match the predicted values further supports the hypothesis that the 0.5
cph oscillation in the isotherm depth records is the V1H1 internal seiche and the 0.09
cph oscillation is the V2H1 internal seiche.
3.3.2 Wind Stress
The variation in wind stress along the north-south axis of the lake, S, has a
diurnal component. This is evident from the time record of S between Jday 276 and
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280 (Figure 3-6, first plot) and the power spectrum of the entire record (Figure 3-6,
second plot). The power spectrum reveals that there is a harmonic of the diurnal
oscillation at 0.09 cph. The resonance between the harmonic of the diurnal wind
stress fluctuation and the V2H1 internal seiche causes the V2H1 to be excited in
the UML. This harmonic is approximately -45 degrees out of phase with the V2H1
internal seiche (Figure 3-6, third plot) which means that the wind oscillation leads
the seiche, as expected, but by only 1/8 of a period. This is a small lag compared to
the 1/4 period set up time for the seiche (Stevens, 1991). However, the low coherence
between the two signals at this frequency makes the phase information somewhat
unreliable.
The discrepancy between the predicted and observed V2H1 frequencies may be
due to this wind forcing. Most of the predicted frequency range for the V2H1 seiche is
higher than the observed range (Table 3.1). Also, the overlapping frequencies between
these two ranges are at the high end of the observed range which did not have the
expected coherence and phase relationships of the V2H1 seiche (Figure 3-4. The
same model predicted the V1HI range which almost perfectly matches the observed
frequency range. Therefore, even though the predicted and observed ranges overlap
for the V2H1, the overlapping region is so small and the predictions for the V1H1 are
so good that the question of why the ranges diverge so much for the V2H1 should be
addressed. One explanation for the discrepancy is that the coincidence of the 0.09 cph
oscillations in the isotherms and the wind stress may be because the V2H1 is being
forced by the wind stress at a frequency close to its natural frequency. Consequently,
the V2H1 seiche is excited but assumes the same frequency as the forcing instead of
its own intrinsic frequency.
3.3.3 Seiche Observations
On November 18, 1994, an apparent V2H1 internal seiche was captured by a
north-south transect of microstructure casts (Oldham and Trowbridge,1994). The
temperature transect (Figure 3-7 shows the characteristic metalimnetic spreading of
the V2H1 seiche. The top and bottom of the thermocline are tilted at different
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The dotted line is approximately the bottom of the lake.
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angles, however, which may indicate that mixing at the north end of the lake was
occurring. The dissolved oxygen transect (Figure 3-8) is further evidence for mixing.
The horizontal gradient of dissolved oxygen in the epilimnion was probably created
by anoxic waters from the hypolimnion mixing into the epilimnion at the north end
of the lake. If this mixing had been due to shear from a seiche alone, it would have
occurred all along the length of the transect. That this was not observed suggests
that this transect shows both the interfacial displacement from a V2H1 internal seiche
and mixing in the shallow north end of the lake. The mixing may be due to the
propagation of the seiche into the shallow water and associated boundary mixing or
to direct wind-forced mixing which can be more pronounced in shallower regions.
3.4 Conclusions
Isotherm fluctuations measured in the UML reveal that the V2H1 and the VIH1
internal seiches are the dominant seiches in the lake. It is possible that H2 seiches
could exist but were not detected because the thermistor chains were located at
the H2 nodes. Likewise, because the lake is approximately circular, it is possible
that significant seiches could occur along axes different than the one on which the
thermistor chains were deployed for this study. The possibility of multiple seiche axes
may explain the broadness of the peaks at 0.09 cph and 0.5 cph.
The V2H1 is excited because of near resonance with a harmonic of the diurnal
wind stress fluctuations. The shear associated with this type of seiche is concentrated
at the top and base of the thermocline where the stratification is weak. Therefore,
depending on the amplitude of the V2H1 seiche, the diffusive flux of arsenic could be
enhanced in regions of high arsenic concentration gradients.
None of the observed isotherms ever had amplitudes large enough to intersect
the surface and cause upwelling of the hypolimnetic water. However, the isotherms
may behave differently in the shallow region at the north end of the lake where
nonlinearities and boundary effects become more important.
Future research should focus on quantifying the effect of shear from the VIH1
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and V2H1 seiches on the diffusivity in the lake and on understanding the effects of
boundary layer mixing in the shallow north end of the lake.
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Appendix A
Speciation Methods
A.1 Arsenic Species
A.1.1 Inorganic AsIII species
The concentration of AsIII species in the lake water was measured using an adaptation
of the hydride generation method described in Aurilio et al. (1994) and Andreae
(1977). Both Aurilio et al. (1994) and Andreae (1977) used methods where all the
AsIII species in a fixed volume of sample were reduced to arsine gas (AsH3 (g)) which
was, then, volatilized and carried to the detector. Our method employs the same
concepts except instead of mixing fixed volumes of sample and reagent, the sample
and reagent are mixed at a constant rate. Using a peristaltic pump, filtered lake
water is mixed with equal parts Tris buffer solution (58 g/l Tris buffer, 36 ml conc.
HC1/l) and sodium borohydride solution (0.25 M NaBH 4, 4.8 mM NaOH) in a reaction
vessel that is continuously purged with a mixture of argon and hydrogen gas. The
sodium borohydride reduces the AsIII species to arsine gas which is then carried by
the Ar-H2 gas mixture to an air-H2 flame where it is measured by atomic florescence
spectroscopy. Because the reduction of arsenate to arsine can only occur at low pH, a
buffer of Tris is used to hold the pH of the solution neutral to insure that only arsine
is detected.
For each measurement, approximately 10 mL of sample is mixed with the reagents
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in the reaction vessel over two minutes. The steady state concentration of arsine gen-
erated from the mixture of the sample and the reagents during this two minute run is
proportional to the concentration of the AsIII species in the sample. Therefore, the
increased steady-state florescence above some baseline florescence recorded during the
run can be used as a measure of [AsIII]. The baseline florescence is determined by
mixing Q H2 0 with the reagents before and after each sample run. The florescence
measured for the Q H20 is then subtracted from the florescence measured for the
sample. Linear calibration curves relating the maximum increased fiorescence mea-
sured during the run and [AsIII], the two best correlated variables, were generated
using pure AsIII standards.
A.1.2 Inorganic AsV species
The concentration of AsV which has a diameter smaller than 0.45 Am, [AsV(<0.45
um)], in the sample was estimated by difference from the measured [AsIII] and the
measured [TotAs], the sum of all the As species in the sample, of the filtered lake water
sample. The [TotAs] was determined using a continuous hydride generation method
similar to that described for the measurement of the AsIII species. The primary
difference between the two methods is that for the TotAs method, the lake sample
is acidified with 1.0 N hydrochloric acid and no Tris buffer solution is added to the
reaction vessel. Consequently, the pH of the sample-reagent mixture is approximately
1 and both the AsIII species and a fraction of the AsV species are converted to arsine
which is, then, carried to the detector by Argon gas. The concentration of the sodium
borohydride reagent is higher (0.40 M NaBH4, 0.10 NaOH) for the TotAs method
than in the AsIII method. Aside from reducing the AsV species to arsine gas, the
excess sodium borohydride reduces H+ to H2(g) which fuels the H2-air flame in the
detector. As a result, only Argon is needed to purge the reaction vessel. Just as
with the AsIII method, [TotAs] in the sample is well correlated with the maximum
increased florescence recorded during the run. The baseline florescence is determined
by running a 1.0 N hydrochloric acid blank and a linear calibration curve is generated
using standards of pure AsV.
72
As mentioned above, the TotAs method converts all the AsIII and only a fraction
of the AsV species to arsine. A series of experiments have shown that 67% ± 5% of
the AsV is reduced to arsine gas. 1 Therefore, because the method is calibrated using
pure AsV standards, a pure AsIII or mixed (AsIII and AsV) standard will appear
to have a [TotAs] of (1/f)[AsIII] or [AsV] + (1/f)[AsIII], respectively, where f=0.67.
This is due to the fact that all of the AsIII is converted to arsine gas, not just a
fraction as was the case with the standards used to calibrate the instrument. To
correct for this error, the [AsV] in the sample can be calculated by:
[AsV(< 0.45um)] = [TotAs]fiteed - ( ) [AsIII] (A.1)
A.1.3 Particulate As species
AsV(>0.45 um), defined as arsenate species with sizes greater than 0.45 /im, was
determined by difference from the measured [TotAs] in the unfiltered and filtered
lake water samples.
[AsV(> 0.45um)] = [TotAs]unfilted - [TotAs]fitered (A.2)
Inherent in this speciation calculation are two assumptions. The first is that all
the particulate As is in the +5 oxidation state (Aurilio et al., 1994; De Vitre et
al, 1991). The second is that the [AsIII] in the filtered and unfiltered samples are
the same and, hence, cancel each other out. Because the AsIII species is much less
particle-reactive than the AsV species, it is a good assumption to say that all of
the [AsIII] passes through the filter. Therefore, the [AsIII] in both the filtered and
unfiltered samples are the same at the time of filtration. In some cases, however,
the [TotAs] measurements of the filtered and unfiltered samples were made a week
apart. Because the kinetics of abiotic reoxidation of AsIII to AsV are known to be
'In this description it is convenient to suggest that 100% of the AsIII is converted to arsine by
the TotAs method, however, this is not known. What is known is that 67% of the AsV in the sample
is converted to arsine relative to the fraction of AsIII that is converted. This relative ratio is what
is important, not the absolute fractions of AsIII or AsV converted. For a more detailed description
of the tests done to determine the partial reduction of AsV, see the following chapter.
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slow under lab conditions (Kuhn and Sigg, 1993; Oscarson et al, 1981; Peterson and
Carpenter, 1986; Spliethoff et al, 1995), any change in [AsIII] of the samples over this
time is assumed to be negligible.
A.1.4 Organic As Species
This study focuses on the inorganic speciation of As in the lake water. Lab tests with
dimethylarsinate (DMAs) and monomethylarsonate (MMAs) standards have shown
these methylated species are not converted to arsine by the AsIII method. However,
they are volatilized by the TotAs method. In the few tests that have been conducted,
DMAs and MMAs appear to be reduced in approximately the same fraction as the
AsV species. 2 I have not done more thorough tests of the methylated species for
two reasons. The first is that I do not have a means for measuring DMAs and
MMAs in the lake water. Therefore, any correction factor I might derive from tests
with standards would be useless for environmental samples where the organic species
concentration would be unknown. Second, there is enough uncertainty in the purity
and true concentrations of our DMAs and MMAs primary standards that it would be
impossible to separate errors in the method from errors in the standards. Therefore,
based on the tests that I have done, I will assume that DMAs and MMAs behave
the same as the AsV species in the TotAs method. A reported measurement of
[AsV(<0.45 um)] must be considered a measurement of total concentration of all the
As species in the +5 oxidation state smaller than 0.45 um in diameter, [AsV(<0.45
um)] + [MMAs(<0.45 um)] + [DMAs(<0.45 um)].
A.2 Iron and Manganese Species
The iron and manganese species were inferred from induced coupled plasma atomic
emission spectroscopy measurements of [TotFe] and [TotMn] of the filtered and un-
filtered samples. The presence of colloidal species that pass through the 0.45 um
2For a description of these tests and their results, please see the next chapter.
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filter confounded efforts to use filtration as a method to separate oxidized solid forms
and reduced dissolved forms of the metals. Consequently, [TotFe]filteed = [Fe(<0.45
um)] is the sum of all the dissolved and colloidal iron. Likewise, [TotFe]unfiltered -
[TotFe]filtered = [TotFe(>0.45 um)] consists of all the iron which is associated with
particles larger than 0.45 um in diameter. [Mn(<0.45 um)] and [Mn(>0.45 um)] are
referred to in the same manner.
A.3 Error Analysis
The analytical uncertainty in any laboratory measurement of an arsenic species was
determined using the method described by Miller and Miller (1984). All the standards
measured during the experiment were used to construct a linear calibration curve. The
standard deviation for the species concentration of a sample was then calculated by:
sy/ (= (A.3)
S 1 + 1 + (#y _)2 ) (A.4)b m n b2Ei (zi - )2
where xi and y are arrays of standard concentrations and measured forescences
used to construct the calibration curve, x and are the means of xi and yi, Yo is
the measured fiorescence for the unknown sample, pi are the predicted fiorescences
corresponding to xi values according to the calibration curve, n is the number of
standards used to construct the calibration curve, m is the number of runs of a sample
that are averaged and b is the slope of the regression line. Confidence limits for any
measurement could be calculated using the a t value for n-2 degrees of freedom.
Uncertainty was carried through calculations using the standard procedure of
summation in quadrature. For example, the standard deviation for an [AsV(<0.45
um)] value is (see equation A.1):
[(05m2 2[TtAl + (I SAII] ( (A.5)[AsV(<0.45um)1 = TotAs]fif kfI' + k f2 /
75
The 95% confidence limits were then calculated using the smallest number of
degrees of freedom among the variables combined (DF[TotA,]j,,, DF[AIIl and DFf).
Some errors could not be quantified statistically only in absolute confidence limits.
For these cases, the absolute confidence limits were treated as 95% confidence limits
which is an overestimate of the error. On the graphs of arsenic species profiles, the
95% confidence limits are shown.
The ICP-AES system behaves much more consistently than the arsenic analyzer
system. Therefore, a single test was conducted to determine the uncertainty as-
sociated with the measurements of iron and manganese. This test proved to be
statistically useless because the system software reported all measurements greater
than 1 ppm to one decimal place and all measurements less than 1 ppm to two dec-
imal places. As a result, I was unable to determine a population standard deviation
for these measurements from the experiment. Instead, I chose a o value of 0.15 for
both iron and manganese because this was the statistic necessary to explain the the
variations in the observed data. I believe that this is a conservative way of estimat-
ing the error. Uncertainty was propagated using summation in quadrature and 95%
confidence limits were calculated using a t value of 2.
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Appendix B
Tests of Speciation Methods
B.1 TotAs Method
B.1.1 Effects of AsIII species on the TotAs method
Hypothesis
The reagents used in the TotAs methods are such that a predictable and constant
fraction of the AsV species in the sample is converted to arsine gas. If this were
true, standards of pure AsIII would appear to have higher concentrations than they
actually do because all of the AsIII species, not just a fraction, is converted to arsine
and sent to the detector. Likewise, if pure AsIII standards are used to calibrate the
method, pure AsV standards would appear to be consistently low. Note that AsV
denotes AsV(diss) as the experiments described in this section were conducted in the
laboratory with standard solutions which did not contain any particles or colloids.
Method
To test this hypothesis, I conducted 13 experiments. In each experiment, the TotAs
method was calibrated with either pure AsIII or pure AsV standards. Then, the [To-
tAs] of pure AsIII, pure AsV and mixed standards of AsIII and AsV were measured.
The fraction of AsV reduced, f, was calculated in the following manner.
Let x represent the measured [TotAs] of the standard and [AsIII] and [AsV] denote
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the true concentrations of the standard. If pure AsV standards were used in the
calibration:
f [ II] pure standards f = - [AsV] mixed standards (B.1)
If pure AsIII standards were used in he calibration:
f = [AsV] pure standards f = V] mixed standards (B.2)
AsVI [AsV]
In two experiments (experiments 10 and 11), the acid matrix using in the standard
was varied to determine if the reducing environment was affected by changing the
pH.
Results
Table B.1 lists the results of the experiments to determine f. The value of f(pure)
and f(mixed) are averages of at least 8 and 4 measurements, respectively. The f(old,
mixed) value corresponds to 1 day old unacidified mixed standards in experiment 4
and to a 2 day old acidified mixed standard in experiment 7.
Observations and Conclusions
1. The fraction parameter, f, is constant regardless of whether AsII or AsV standards
are used to calibrate the method.
2. Changing the gain of the instrument, as in experiments 5 and 6, does not affect
the f value. This is reasonable because the electronics of the instrument should be
independent of the reducing conditions of the reagent-sample mixture.
3. The age of the standard does not appear to affect the f value very much as shown
by experiments 4 and 7.
4. Changing the acid matrix concentration, as in experiments 10 and 11, does not
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Table B.1: TotAs Method Test Summary
change the value of the f parameter. If conditions had become more reducing, f should
have gotten larger which it did not.
5. A T test on the statistics for experiments 1-11 shows that mean f values calculated
for the pure and mixed standards have a less than 5% chance of being from the same
population. However, if experiments 10 and 11 are excluded from the set, a T test
of the statistics for experiments 1-9 indicates that there is a greater than 5% chance
that these two means are from the same populations. Throwing out experiments 10
and 11 is not purely arbitrary. These experiments had abnormally high HCl matrix
concentrations and, hence, did not represent "normal" TotAs method conditions.
Therefore, a "universal" value of f can be determined by averaging all the f values
derived in experiments 1-9.
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Number [HC1](%) Gain Calib. Stds. f(pure) f(mixed) f(old,mixed)
1 9.3 normal AsV 0.66 ±0.01 none none
2 9.3 normal AsV 0.65 +0.01 none none
3 9.3 normal AsV none 0.71 ±0.03 none
4 9.3 normal AsV none none 0.71 t±0.07
5 9.3 low AsV 0.66 ±0.02 0.72 ±0.04 none
6 9.3 high AsV 0.68 ±0.02 0.81 ±0.09 none
7 9.3 normal AsV 0.67 ±0.02 0.72 ±0.05 none
8 9.3 normal AsIII 0.66 ±0.02 0.60 ±0.05 none
9 9.3 normal AsIII 0.61 +0.01 0.59 ±0.04 none
10 30 normal AsIII 0.69 ±0.01 0.71 ±0.04 none
11 50 normal AsIII 0.63 ±0.03 0.62 ±0.05 none
f: 0.657 0.685
Statistics for Sf: 0.0245 0.0754
Exp. 1-11 n: 9 8
t: 2.31 2.36
f: 0.656 0.692
Statistics for Sf: 0.0223 0.0833
Exp. 1-9 n: 7 6
t: 2.47 2.57
f = 0.672
s! = 0.059, n=13, t=3.05 (99% confidence)
f=0.67 ±0.05
B.1.2 Effects of Organic As Species on the TotAs method
The [TotAs] of pure and mixed standards were measured using the TotAs method.
In Table B.2, the standards, their measured [TotAs], the number of measurements
averaged to get the [TotAs] and the confidence limits of the measurement are listed.
The predicted [TotAs] of the standard is also listed. This predicted [TotAs] accounts
for the effects of AsIII species, where present, using the f value derived in the last
section.
Table B.2: Summary of Organic As species effects on the TotAs Method
AsV AsIII DMAs MMAs [TotAs]pred [TotAs]mea, n confidence interval
0 0 0 20.00 20.00 26.95 3 ±1.50
0 0 20.00 0 20.00 16.87 4 ±1.50
0 0 10.00 10.00 20.00 22.53 1 ±:2.76
0 9.10 0 10.00 23.58 24.95 1 ±2.76
0 9.10 10.00 0 23.58 21.29 1 - ±2.76
13.33 0 0 10.00 23.33 24.81 1 I2.76
13.33 0 10.00 0 23.33 20.52 1 ±2.76
These measurements, especially those of the pure DMAs and MMAs standards,
seem to indicate that the organic As species are not measured accurately by the
TotAs method. Unfortunately, the purity and the actual concentrations of the DMAs
and MMAs standards are questionable. Therefore, the error cannot be attributed
to the method alone and further tests with these same standards will not resolve
the issue. Faced with these data, I think that it is most prudent to assume that the
organic As species are reduced and volatilized in the same manner as the AsV species.
Consequently, a measurement of [TotAs] of a sample will be a measurement of [AsV]
+ [DMAs] + [MMAs] + (1/f)[AsIII].
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B.2 AsIII Method Tests
B.2.1 Effects of the AsV species on the AsIII Method
The concentrations of AsIII of mixed standards with known [AsV] and [AsIII] were
measured using the AsIII method to determine the effect of AsV species on this
method. Let x denote the difference between the known [AsIII] of the sample and the
measured AsIII concentration. In Table B.3, the average x and standard deviation
for each mixed standard are listed in the first three rows. The bottom four rows show
how the method performed for pure AsIII standards. Statistics for x values derived
from all the mixed standards and all the pure AsIII standards are listed in the right
hand column.
Table B.3: Summary of Mixed AsV-AsIII standards tests of the AsIII Method
If the AsV species did not affect the method, the mean x, , for the mixed stan-
dards should be equal to the recorded for the pure AsIII standards. This hypothesis
is not supported by the data because the two measured values have only a 2%
probability of being from the same population. However, the s value for the mixed
standards is lower than for the pure AsIII standards. Therefore, the presence of AsV
species does not increase the random error in the AsIII method but does introduce
a bias equal to the difference between the mean x values, 0.20. This bias will be
added to each AsIII measurement in order to account for the error introduced by the
presence of AsV species.
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Standard Concentrations - s | n averages
AsIII AsV
9.1 67 0.77 0.53 4 x = 0.87
9.1 133 1.02 0.33 4 st = 0.349,
9.1 200 0.82 0.08 4 n=12
4.55 0 0.44 0.09 2 x = 0.68
9.10 0 0.49 0.58 2 sx = 0.414
13.65 0 0.79 0.48 2 n=8
18.20 0 1.00 0.45 2
Table B.4: Summary of Organic As Species Effects on the AsIII Method
Standard Measured [AsIIII(nM) n confidence limits
10 nM DMAs 0.78 4 ±0.70
10 nM MMAs 0.55 4 ±0.70
20 nM DMAs 1.09 3 ±0.95
20 nM MMAs 0.54 2 ±0.99
B.2.2 Effects of Organic Species on the AsIII Method
The [AsIII] of pure DMAs and MMAs standards were measured using the AsIII
method. The results are listed in Table B.4. Each recorded [AsIII] is the average of
n measurements. The confidence limits listed were calculated using the method for
error analysis described in the Methods section.
* Based on the confidence limits listed, these data do not absolutely prove that the
organic species are not being measured as part of the AsIII method. However, the
purity of the DMAs and MMAs standards used in this experiment is questionable.
As a result, it is difficult to assign error to the method when it can be just as easily
placed on impure standards used in the experiment. Further experiments with these
same standards will not yield further insight into the problem. Consequently, I will
arbitrarily assume that the organic species do not affect the AsIII method any more
than the AsV species do. The 0.20 nM bias assigned to the AsIII method to account
for errors in the method from AsV species should also be sufficient to account for the
effects of DMAs and MMAs on the method.
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Appendix C
Summary of Limnological Data
All the arsenic, iron and manganese species concentrations profiles from the water
column of the Upper Mystic Lake are tabulated and plotted in the following pages.
Temperature and dissolved oxygen profiles are tabulated.
Table C.1: Calendar Dates
Julian Day
Corresponding to Julian Days
Calendar Date
August 9, 1994
September 6, 1994
October 6, 1994
November 5, 1994
December 2, 1994
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221
249
279
309
337
Table C.2: Jday 221 North Profile: Arsenic Species Concentrations with 95 percent
Confidence Limits
Depth [AsIII] [AsV(<0.45 um)] [AsV(>0.45 um)]
(m) (nM) (nM) (nM)
0 17.37 +t0.60 1.93 +1.84 1.61 3.19
2, 16.35 +0.72 3.10 4.1.88 0.19 3.20
4: 20.84 +0.79 -3.59 t2.20 0.51 ±3.20
6 5.14 t+0.70 -0.54 +1.25 1.41 41.17
8 2.84 t0.72 -0.40 41.23 2.10 t1.20
10 2.17 +1.03 0.82 +1.65 1.86 ±1.20
1:2 1.55 1.05 2.99 +1.65 1.94 +1.19
14 1.78 +1.04 3.41 +1.65 3.62 4-1.17
16. 2.72 +1.03 4.86 +1.63 5.58 1.14
18 2.28 41.03 10.00 +1.63 8.12 1.60
19 2.24 +1.03 15.63 t1.74 11.58 1.74
20 3.33 t1.02 19.02 1.72 12.72 +3.15
21 3.50 ±1.01 33.89 +1.75 30.41 +3.27
84
Table C.3: Jday 221 North Profile: Iron and Manganese Species Concentrations with
95 percent Confidence Limits
Depth [Fe(<0.45 um)] [Fe(>0.45 um)] [Mn(<0.45 um)] [Mn(>0.45 um)]
(m) (uM) (uM) (uM) (uM)
0 0.00 ±5.43 0.54 ±7.67 0.00 ±5.52 0.55 ±7.80
2 0.00 ±5.43 0.72 ±7.67 0.00 45.52 0.55 ±7.80
4 0.00 ±5.43 0.90 ±7.67 0.00 ±5.52 0.74 ±7.80
6 0.00 ±5.43 0.90 ±7.67 6.43 ±5.52 0.37 ±7.80
8 0.72 ±5.43 0.90 ±7.67 8.27 ±5.52 0.00 ±7.80
10 0.90 ±5.43 0.90 ±7.67 8.82 ±5.52 0.18 ±7.80
12 1.81 ±5.43 1.45 ±7.67 12.50 ±5.52 0.18 ±7.80
14 2.71 ±5.43 2.35 ±7.67 15.63 ±5.52 0.18 ±7.80
16 5.06 ±5.43 4.16 ±7.67 18.38 ±5.52 0.00 ±7.80
18 9.77 ±5.43 7.96 ±7.67 22.06 ±5.52 0.00 ±7.80
19 15.91 ±5.43 9.40 ±7.67 23.90 ±5.52 0.00 ±7.80
20 19.89 ±5.43 16.28 ±7.67 27.58 ±5.52 0.00 ±7.80
21 27.13 ±5.43 32.55 ±7.67 34.93 ±5.52 0.00 ±7.80
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Table C.4: Jday 221 Center Profile: Arsenic Species Concentrations with 95 percent
Confidence Limits
Depth [AsIII] [AsV(<0.45 um)] [AsV(>0.45 um)]
(m) (nM) (nM) (nM)
0 16.85 ±1.43 6.35 ±2.72 0.92 ±1.96
2 14.97 ±1.39 8.37 ±2.61 1.64 ±1.96
4 17.26 ±1.44 6.74 ±2.76 0.02 ±1.97
6 5.06 ±1.38 0.61 ±2.20 0.98 ±0.87
8 2.00 ±t1.44 1.47 ±t2.26 1.62 ±0.90
10 1.55 ±1.45 2.39 ±2.28 2.39 ±0.89
12 1.39 ±1.46 3.74 ±2.28 1.76 ±0.88
14 1.59 ±1.45 4.60 ±2.27 2.99 ±0.87
16 1.63 ±1.45 7.41 ±2.27 3.47 ±0.86
18 1.78 ±1.02 16.58 ±1.67 5.66 ±1.06
20 2.48 ±1.01 31.88 ±1.84 15.79 ±1.96
21 3.02 ±1.00 49.75 ±t2.53 35.79 ±3.42
22 3.66 ±0.99 54.98 ±2.54 36.06 ±3.44
23 8.42 ±0.95 76.68 ±2.71 76.65 ±4.82
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Table C.5: Jday 221 Center Profile: Iron and Manganese Species Concentrations with
95 percent Confidence Limits
Depth [Fe(<0.45 um)] [Fe(>0.45 um)] [Mn(<0.45 um)] [Mn(>0.45 um)]
(m) (uM) (uM) (uM) (uM)
0 0.00 ±5.43 0.90 ±7.67 0.00 ±5.52 0.55 ±7.80
2 0.00 ±5.43 1.27 ±7.67 0.00 ±5.52 0.74 ±7.80
4 0.00 ±5.43 1.81 ±7.67 0.00 ±5.52 0.92 ±7.80
6 0.00 I±5.43 0.72 ±t7.67 5.88 ±5.52 0.18 ±t7.80
8 0.72 ±5.43 0.36 ±7.67 6.62 ±5.52 0.00 ±7.80
10 1.45 ±t5.43 1.45 ±7.67 10.85 ±5.52 0.18 ±7.80
12 1.27 ±5.43 1.27 ±7.67 10.11 ±5.52 0.18 ±t7.80
14 2.89 ±5.43 1.63 ±7.67 14.71 ±5.52 0.00 ±-7.80
16 4.88 ±5.43 3.07 ±7.67 17.10 ±5.52 0.37 ±7.80
18 13.93 ±5.43 9.59 ±7.67 22.06 ±5.52 1.84 ±7.80
20 28.94 ±5.43 21.70 ±7.67 31.25 ±5.52 0.00 ±7.80
21 37.98 ±5.43 44.31 ±7.67 42.28 ±t5.52 0.00 ±t7.80
22 43.40 ±5.43 48.83 ±7.67 44.12 ±t5.52 1.84 ±7.80
23 81.38 ±5.43 65.11 ±7.67 55.15 ±5.52 1.84 ±7.80
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Table C.6: Jday 221 South Profile: Arsenic Species Concentrations with 95 percent
Confidence Lirmits
Depth [AsIII] [AsV(<0.45 um)] [AsV(>0.45 umrn)]
(m) (nM) (nM) (nM)
0) 19.92 +0.51 2.72 +2.15 -1.79 2.25
2 13.49 +0.46 10.69 +1.75 -1.30 +2.25
4 16.86 +0.48 8.31 1.95 -3.06 +2.25
6 5.55 +0.45 1.02 +t1.14 -0.04 +1.01
8 1.42 +0.67 2.13 1.31 1.39 1.05
10 2.70 +0.66 1.68 +1.30 0.90 +1.04
12 2.32 40.66 2.79 1.30 1.01 1.03
14 1.24 0.68 4.63 +1.30 2.44 +1.03
16 1.74 0.67 6.63 1.29 4.40 +1.01
17 1.32 0.68 8.68 1.28 6.36 +1.00
18 2.04 0.67 11.66 +1.27 7.63 +1.01
19 2.55 0.66 15.72 1.28 9.21 1.23
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Table C.7: Jday 221 South Profile: Iron and Manganese Species Concentrations with
95 percent Confidence Limits
Depth [Fe(<0.45 um)] [Fe(>0.45 um)] [Mn(<0.45 umrn)] [Mn(>0.45 um)]
(m) (uM) (uM) (uM) (uM)
0 0.00 ±5.43 0.54 ±7.67 0.00 ±5.52 0.55 ±7.80
2 0.00 ±5.43 0.90 ±7.67 0.00 ±5.52 0.55 ±7.80
4 0.00 ±5.43 1.27 ±7.67 0.00 ±5.52 0.92 ±7.80
6 0.100 ±5.43 0.90 ±7.67 4.78 ±5.52 0.37 ±t7.80
8 0.54 ±5.43 0.72 ±7.67 7.72 ±5.52 0.18 4±7.80
10 0.72 ±5.43 1.09 +7.67 9.19 +5.52 0.18 ±7.80
12 1.27 ±5.43 1.27 ±7.67 11.40 ±5.52 -0.18 ±7.80
14 1.99 ±5.43 1.81 ±7.67 13.79 ±5.52 0.00 ±7.80
16 3.98 ±5.43 3.62 ±7.67 17.10 ±5.52 0.18 ±7.80
17 6.51 ±5.43 5.61 ±7.67 18.38 ±5.52 1.84 ±7.80
18 8.86 ±5.43 8.14 ±7.67 20.22 ±5.52 0.00 ±7.80
19 13.74 ±5.43 11.57 +7.67 23.90 ±5.52 0.00 ±7.80
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Table C.8: Jday 221 North, Center and South Profiles: Temperature
Depth (m) Temperature (C)
North Center South
0 24.4 24.8 25.9
2 24.1 24.3 25.0
4 22.5 24.1 24.6
6 15.3 14.3 15.1
8 7.0 7.3 6.6
10 3.9 4.0 4.1
12 2.7 3.1 3.1
14 2.3 2.5 2.6
16 2.2 2.1 2.3
18 2.1 2.1 2.3
20 2.1 2.2
22 2.2
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Figure C-l: Arsenic species profiles collected on Jday 221. The approximate top of
the thermocline is shown.
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Figure C-2: Iron and manganese species profiles collected on Jday 221. The approx-
imate top of the thermocline is shown.
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Table C.9: Jday 249 North Profile: Arsenic Species Concentrations with 95 percent
Confidence Limits
Depth [AsIII] [AsV(<0.45 um)] [AsV(>0.45 um)]
(m) (nM) (nM) (nM)
0 9.72 ±0.97 7.30 ±1.78 6.18 ±1.72
1 9.45 zt0.97 4.90 ±1.77 5.24 ±1.70
2 8.16 ±0.97 7.73 ±1.73 4.87 ±1.71
3 8.65 ±0.97 7.32 ±1.74 4.84 +1.71
4 8.98 ±0.97 6.97 ±1.75 5.36 ±-1.71
6 6.90 ±0.98 5.12 ±1.70 10.21 ±1.70
8 1.49 ±1.02 1.46 ±1.68 2.49 zt1.50
1.0 1.26 ±1.03 1.34 1.68 2.68 ±1.51
112 1.23 ±1.03 2.21 1.68 2.83 ±t1.50
114 1.90 ±1.02 3.07 zt1.67 4.57 ±1.48
116 1.64 ±1.02 8.15 ±t1.67 7.58 ±1.48
117 2.01 ±t1.02 14.08 ±1.67 12.81 zt2.11
118 1.94 1.02 27.18 1.84 19.23 ±4.10
119 2.20 1.02 33.81 1.85 31.48 ±t4.19
20 2.37 ±1.01 39.01 2.53 40.24 6.87
21 2.99 1.01 47.31 2.54 51.38 6.96
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Table C.10: Jday 249 North Profile: Iron and Manganese Species Concentrations
with 95 percent Confidence Limits
Depth [Fe(<0.45 um)] [Fe(>0.45 um)] [Mn(<0.45 umrn)] [Mn(>0.45 um)]
(m) (uM) (uM) (uM) (uM)
0 0.00 45.43 1.63 +7.67 0.00 5.52 0.92 +7.80
1 0.00 5.43 1.81 +7.67 0.00 ±5.52 1.10 47.80
2 0.00 4-5.43 1.63 ±7.67 0.00 ±5.52 1.10 ±7.80
3 0.00 4-5.43 1.63 +7.67 0.00 5.52 1.10 7.80
4 0.00 +5.43 1.63 7.67 0.00 ±5.52 1.10 ±7.80
6 0.54 ±5.43 4.88 ±7.67 4.23 ±5.52 1.29 ±7.80
8 0.00 t5.43 0.90 ±7.67 9.01 ±5.52 0.18 47.80
10 0.18 ±5.43 1.45 ±7.67 10.85 ±5.52 -0.18 ±7.80
12 0.90 ±5.43 1.45 ±7.67 13.24 ±5.52 -0.37 ±7.80
14 2.17 ±5.43 1.99 ±7.67 16.91 ±5.52 0.18 7.80
16 6.15 ±5.43 4.16 ±7.67 20.22 ±5.52 0.00 ±7.80
17 12.12 5.43 7.78 4I7.67 23.90 5.52 0.00 ±7.80
18 21.70 ±5.43 12.66 ±7.67 31.25 ±5.52 -1.84 ±7.80
19 27.13 ±-5.43 25.32 ±7.67 36.77 ±5.52 0.00 ±7.80
20 30.74 ±5.43 28.94 ±7.67 40.44 ±5.52 0.00 ±7.80
21 34.36 ±5.43 41.60 ±7.67 45.96 ±5.52 0.00 ±7.80
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Table C.11: Jday 249 Center Profile: Arsenic Species Concentrations with 95 percent
Confidence Limits
Depth [AsIII] [AsV(<0.45 um)] [AsV(>0.45 um)]
(m) (nM) (nM) (nM)
0 14.25 ±2.04 1.56 ±3.39 4.66 ±1.42
1 9.11 ±2.00 6.17 ±3.20 4.82 ±1.41
2 9.82 ±2.00 6.41 ±3.22 4.40 ±1.41
3 10.08 ±2.00 4.81 ±3.22 5.43 ±1.41
4 9.41 ±2.00 6.25 ±3.21 5.01 ±1.41
6 4.48 ±2.02 2.12 ±3.18 4.61 ±1.08
8 1.59 ±2.07 0.83 ±3.24 1.96 ±1.11
10 2.39 ±2.06 0.35 ±3.22 1.64 ±1.11
12 2.17 ±2.06 2.05 ±3.22 2.49 ±1.10
14 1.65 ±2.07 3.92 ±3.24 3.82 ±1.09
16 0.74 ±2.09 7.48 ±3.26 7.43 ±1.09
17 1.35 ±2.08 11.18 ±3.24 9.54 ±1.40
18 1.65 ±2.07 21.18 ±3.24 10.54 ±2.51
19 1.72 ±2.07 38.04 ±3.35 23.17 ±2.69
20 1.93 ±2.07 42.54 ±3.82 32.09 ±4.52
21 2.93 ±2.05 48.77 ±3.81 43.94 ±4.57
22 3.96 ±2.03 56.65 3.81 53.70 ±4.65
23 6.89 ±1.41 59.45 ±3.16 58.68 ±6.40
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Table C.12: Jday 249 Center Profile: Iron and Manganese Species Concentrations
with 95 percent Confidence Limits
Depth [Fe(<0.45 um)] [Fe(>0.45 um)] [Mn(<0.45 um)] [Mn(>0.45 um)]
(m) (uM) (uM) (uM) (uM)
0 0.00 ±5.43 1.09 ±7.67 0.00 ±5.52 1.10 ±7.80
1 0.00 ±5.43 1.09 ±7.67 0.00 ±5.52 0.92 ±7.80
2 0.00 ±5.43 0.72 ±7.67 0.00 ±5.52 1.10 ±7.80
3 0.00 ±5.43 1.09 ±7.67 0.00 ±5.52 1.10 ±7.80
4 0.00 ±5.43 0.90 ±7.67 0.00 ±5.52 1.10 ±7.80
6 0.00 ±5.43 1.27 ±7.67 7.54 ±:5.52 1.10 ±7.80
8 0.00 ±5.43 0.18 ±7.67 9.56 ±5.52 -0.18 ±7.80
10 0.18 ±5.43 0.72 ±7.67 10.66 ±5.52 -0.18 ±7.80
12 1.09 ±t5.43 1.27 ±7.67 15.07 ±5.52 -0.37 ±7.80
14 2.17 ±5.43 1.63 ±7.67 16.55 ±5.52 0.00 ±7.80
16 4.70 ±5.43 3.26 ±7.67 20.22 ±5.52 -1.84 ±7.80
17 8.50 t±5.43 6.33 ±7.67 22.06 ±5.52 0.00 ±7.80
18 15.37 ±5.43 9.95 ±7.67 25.74 ±5.52 0.00 ±7.80
19 25.32 ±5.43 21.70 ±7.67 34.93 ±5.52 0.00 ±7.80
20 28.94 ±5.43 28.94 ±7.67 38.61 ±5.52 0.00 ±7.80
21 36.17 ±5.43 41.60 ±7.67 45.96 ±5.52 0.00 ±t7.80
22 47.02 ±5.43 52.45 7.67 51.48 ±5.52 -1.84 ±t7.80
23 63.30 ±5.43 52.45 ±7.67 53.31 5.52 0.00 ±7.80
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Table C.13: Jday 249 Center Profile: Temperature
Depth Temperature
(m) (°C)
0 18.3
1 18.3
2 18.3
3 18.3
4 18.3
5 18.3
6 18.3
7 12.8
8 7.6
9 5.4
10 4.2
11 3.5
12 2.9
13 2.7
14 2.4
15 2.3
16 2.2
17 2.2
18 2.2
19 2.2
20 2.2
21 2.2
22 2.2
23 2.3
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Table C.14: Jday 249 South Profile: Arsenic Species Concentrations with 95 percent
Confidence Limits
Depth [AsIII] [AsV(<0.45 um)] [AsV(>0.45 um)]
(m) (nM) (nM) (nM)
0 15.35 I0.58 -1.14 ±t1.70 5.59 ±1.36
1 14.26 ±0.58 0.46 ±1.63 2.53 ±1.36
2 13.12 ±0.57 1.54 ±1.56 3.26 zt1.35
3 14.66 ±0.58 -0.66 ±1.65 3.04 ±1.35
4 13.78 ±0.57 0.23 ±1.60 3.63 ±1.35
6 4.63 ±0.56 0.77 ±1.22 5.62 ±1.28
8 1.48 ±0.58 1.30 ±1.19 1.64 ±1.10
10 1.01 ±0.58 1.66 ±t1.19 2.22 ±1.10
12 1.71 ±0.58 2.16 ±1.19 2.20 ±1.09
14 1.19 ±0.58 4.27 ±1.18 3.70 ±1.08
16 1.38 ±0.58 8.17 ±1.18 6.07 ±1.07
17 1.26 ±0.58 11.12 ±1.18 7.39 ±1.27
18 1.59 ±0.58 16.98 ±1.19 10.77 ±2.09
19 3.69 ±0.57 39.42 ±2.50 39.13 ±3.32
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Jday 249 South Profile: Iron and Manganese Species Concentrations
with 95 percent Confidence Limits
Depth [Fe(<0.45 um)] [Fe(>0.45 um)] [Mn(<0.45 um)] [Mn(>0.45 um)]
(m) (uM) (uM) (uM) (uM)
0 0.00 ±5.43 1.63 ±7.67 0.00 ±5.52 0.92 ±7.80
1 0.00 ±5.43 1.63 ±7.67 0.00 ±5.52 0.92 ±7.80
2 0.00 15.43 1.45 1t7.67 0.00 +5.52 0.92 7.80
3 0.00 ±t5.43 1.63 ±7.67 0.18 ±5.52 0.74 4-7.80
4 0.00 ±5.43 1.45 ±7.67 0.00 I±5.52 0.92 ±7.80
6 0.00 ±5.43 2.53 47.67 9.56 ±5.52 0.55 ±7.80
8 0.00 ±5.43 0.72 47.67 8.64 ±t5.52 0.00 ±7.80
10 0.00 ±5.43 1.63 ±7.67 10.85 ±5.52 -0.18 ±-7.80
12 0.90 ±5.43 1.27 ±7.67 13.97 ±5.52 0.00 ±7.80
14 2.35 ±5.43 1.99 ±7.67 16.73 ±5.52 0.00 ±7.80
16 5.43 ±5.43 4.34 ±7.67 20.22 ±5.52 0.00 ±t7.80
17 8.32 ±5.43 5.97 ±7.67 22.06 ±5.52 0.00 ±7.80
18 13.93 45.43 7.78 ±7.67 25.74 I5.52 -1.84 ±7.80
19 28.94 ±5.43 32.55 ±7.67 38.61 ±5.52 0.00 ±7.80
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Figure C-3: Arsenic species profiles collected on Jday 249. The approximate top of
the thermocline is shown.
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Figure C-4: Iron and manganese species profiles collected on Jday 249. The approx-
imate top of the thermocline is shown.
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Table C.16: Jday 279 North Profile: Arsenic Species Concentrations with 95 percent
Confidence Limits
Depth [AsIII] [AsV(<0.45 um)] [AsV(>0.45 um)]
(m) (nM) (nM) (nM)
0 6.72 ±0.45 8.33 ±1.10 9.00 ±2.10
2 5.16 ±0.64 9.49 ±1.25 9.73 ±2.10
4 5.62 ±0.64 7.59 ±1.26 10.40 ±2.10
6 4.80 ±0.64 10.77 ±1.24 10.18 ±2.10
8 3.47 ±0.65 1.26 ±1.23 2.69 ±1.50
10 0.97 ±0.66 2.41 ±1.22 3.14 ±t1.52
:1.2 0.90 ±0.66 2.44 ±t1.23 2.93 ±1.52
14 0.95 ±0.66 5.30 ±1.22 4.40 ±1.49
16 1.04 ±0.66 12.96 ±1.21 6.16 ±1.49
18 1.27 ±0.66 25.65 ±1.43 11.51 ±5.42
:9 1.85 ±0.66 41.21 ±2.24 20.46 ±5.65
20 1.74 ±0.66 47.24 ±2.25 27.83 ±5.69
21 1.96 ±0.66 50.74 ±2.26 37.64 ±5.78
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Table C.17: Jday 279 North Profile: Iron and Manganese Species Concentrations
with 95 percent Confidence Limits
Depth [Fe(<0.45 um)] [Fe(>0.45 um)] [Mn(<0.45 um)] [Mn(>0.45 um)]
(m) (uM) (uM) (uM) (uM)
0 0.54 ±5.43 1.99 ±7.67 0.18 ±5.52 0.74 ±7.80
2 0.18 ±5.43 2.71 ±7.67 0.00 ±5.52 0.92 ±7.80
4 0.36 ±5.43 2.53 ±7.67 0.00 ±5.52 0.92 ±7.80
6 0.54 ±5.43 3.26 ±7.67 0.18 ±5.52 0.92 ±7.80
8 0.00 ±5.43 0.54 ±7.67 10.85 ±5.52 0.55 +7.80
10 0.36 ±5.43 1.27 ±7.67 13.79 ±5.52 0.37 ±7.80
12 0.18 ±5.43 1.27 ±7.67 13.05 ±t5.52 -0.18 ±7.80
14 1.99 ±5.43 2.35 47.67 17.83 ±t5.52 0.18 47.80
16 7.05 ±5.43 4.88 ±7.67 22.06 ±5.52 0.00 ±7.80
18 16.64 ±5.43 10.49 ±7.67 29.41 ±5.52 0.00 ±7.80
19 27.13 45.43 20.80 ±t7.67 36.77 ±t5.52 2.76 ±7.80
20 30.74 ±t5.43 27.13 ±7.67 40.44 ±t5.52 1.84 ±7.80
21 34.36 ±5.43 36.17 ±7.67 45.96 ±5.52 0.00 ±7.80
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Table C.18: Jday 279 Center Profile: Arsenic Species Concentrations with 95 percent
Confidence Limits
Depth [AsIII] [AsV(<0.45 um)] [AsV(>0.45 um)]
(m) (nM) (nM) (nM)
0 7.80 ±0.45 5.78 ±1.27 10.73 ±1.79
2 7.15 ±0.61 6.54 ±1.41 10.13 ±1.79
4 6.83 ±0.61 6.48 ±1.40 11.19 ±1.79
6 8.05 ±t0.61 4.92 ±1.44 10.16 ±1.79
8 2.38 ±t0.62 1.95 ±1.33 2.96 ±1.82
10 1.08 ±0.63 1.89 ±1.33 2.89 ±1.37
12 1.29 ±0.63 2.47 ±1.33 3.22 ±1.37
14 1.31 ±0.63 4.43 ±1.32 5.16 ±1.35
16 1.49 ±0.63 9.60 ±1.31 8.78 ±1.36
18 1.96 ±0.62 29.16 ±1.66 23.98 ±t3.42
19 2.00 I0.62 45.41 ±2.73 28.64 ±4.12
20 2.40 ±0.62 47.86 ±t3.02 34.61 ±t5.93
21 2.95 ±0.62 46.93 ±3.03 42.47 ±5.95
22 7.42 ±0.45 49.85 ±3.04 58.80 ±t8.33
23 10.72 ±0.45 56.22 ±3.98 63.10 ±8.71
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Table C.19: Jday 279 Center Profile: Iron and Manganese Species Concentrations
with 95 percent Confidence Limits
Depth [Fe(<0.45 um)] [Fe(>0.45 um)] [Mn(<0.45 umrn)] [Mn(>0.45 umrn)]
(m) (uM) (uM) (uM) (uM)
0 0.36 +5.43 1.99 ±7.67 0.18 ±5.52 0.55 ±7.80
2 0.36 5.43 2.35 ±7.67 0.00 +5.52 0.92 +7.80
4 0.36 +±5.43 2.35 ±7.67 0.00 +5.52 0.92 +7.80
6 0.36 +5.43 1.99 ±7.67 0.18 +5.52 0.55 +7.80
8 0.00 +5.43 0.36 +7.67 11.03 +5.52 0.18 +7.80
10 0.18 +5.43 1.09 +7.67 13.42 ±5.52 0.37 +±7.80
12 0.72 +5.43 1.63 +7.67 16.36 +5.52 0.18 47.80
14 2.17 +5.43 2.71 +7.67 18.38 +-5.52 1.84 +7.80
16 6.69 +5.43 5.43 +7.67 22.06 +5.52 0.00 +7.80
18 21.70 +5.43 19.89 +7.67 34.93 +5.52 0.00 I7.80
19 30.74 +5.43 28.94 +-7.67 42.28 45.52 0.00 +-7.80
20 34.36 +5.43 33.10 +7.67 45.04 +5.52 -0.37 +7.80
21 34.36 +5.43 42.14 +7.67 47.80 +5.52 0.00 +7.80
22 58.78 +5.43 45.57 I7.67 53.31 +5.52 0.55 +7.80
23 80.48 +5.43 42.50 +7.67 56.07 45.52 0.55 +7.80
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Table C.20: Jday 279 Center Profile: Temperature and Dissolved Oxygen
Depth Temperature Dissolved Oxygen
(m) (°C) (mg/L)
0 15.5 8.0
1 15.5 7.9
2 15.2 7.8
3 15.1 7.6
4 15.0 7.5
5 15.0 7.5
6 15.0 7.5
7 14.7 6.9
8 10.3 0.2
9 6.5 0.2
10 5.2 0.1
11 4.4 0.1
12 4.0 0.1
13 3.5 0.1
14 3.1 0.1
15 3.0 0.1
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Table C.21: Jday 279 South Profile: Arsenic Species Concentrations with 95 percent
Confidence Limits
Depth [AsIII] [AsV(<0.45 um)] [AsV(>0.45 umrn)]
(m) (nM) (nM) (nM)
0 8.64 ±0.45 5.34 ±1.41 10.14 ±2.43
2 8.09 ±0.61 5.93 ±1.54 10.11 ±2.42
4 7.03 ±0.61 7.52 ±1.51 9.83 ±2.42
6 8.53 ±0.61 5.56 ±1.55 10.28 ±2.43
8 2.34 ±0.62 2.22 ±1.44 3.54 ±1.94
10 1.20 ±0.63 2.21 ±1.44 3.71 ±1.95
12 1.14 ±0.63 2.41 t±1.44 2.97 ±1.96
14 1.18 ±0.63 5.21 ±1.43 4.52 ±1.92
16 1.33 ±0.63 12.45 ±1.42 7.47 ±1.37
18 1.69 ±0.63 30.87 ±1.85 17.44 ±3.71
19 2.48 ±0.62 48.70 ±3.24 33.30 ±4.67
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'Table C.22: Jday 279 South Profile: Iron and Manganese Species Concentrations
with 95 percent Confidence Limits
Depth [Fe(<0.45 um)] [Fe(>0.45 um)] [Mn(<0.45 um)] [Mn(>0.45 um)]
(m) (uM) (uM) (uM) (uM)
0 0.36 +5.43 2.17 i7.67 0.00 ±5.52 0.74 I7.80
2 0.:18 +5.43 2.35 :7.67 0.00 +5.52 0.92 +7.80
4 0.18 +5.43 2.35 +7.67 0.00 ±5.52 0.74 +7.80
6 0.36 +5.43 2.17 +7.67 0.00 :5.52 0.92 t7.80
8 0.00 +5.43 0.36 ±7.67 11.40 :5.52 0.00 +7.80
10 0.00 +5.43 1.27 ±7.67 13.79 +5.52 0.00 +7.80
12 0.:18 5.43 1.45 ±7.67 14.16 +5.52 0.00 +7.80
14 2.35 +5.43 2.35 +7.67 17.65 t5.52 0.55 +7.80
16 7.60 :5.43 5.97 +7.67 22.06 +5.52 0.00 +7.80
18 19.89 +5.43 16.28 +7.67 33.09 +5.52 0.00 t7.80
19 34.36 +5.43 28.94 +7.67 44.12 +5.52 0.00 +7.80
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Figure C-5: Arsenic species profiles collected on Jday 279. The approximate top of
the thermocline is shown.
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Figure C-6: Iron and manganese species profiles collected on Jday 279. The approx-
imate top of the thermocline is shown.
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Table C.23: Jday 309 North Profile: Arsenic Species Concentrations with 95 percent
Confidence Limits
Depth [AsIII] [AsV(<0.45 um)] [AsV(>0.45 um)]
(m) (nM) (nM) (nM)
0 7.63 ±0.63 2.41 ±1.24 4.80 ±0.77
2 7.46 ±0.63 2.24 ±1.23 3.96 t±0.77
4 7.37 ±0.63 2.58 ±1.23 3.89 ±0.77
6 5.71 ±0.63 4.56 ±1.16 4.33 ±0.77
8 3.05 ±0.56 6.03 ±0.99 6.69 ±0.77
10 1.24 ±0.59 3.97 ±1.00 7.14 ±0.77
12 0.69 ±0.60 4.10 ±1.01 4.13 ±0.78
14 0.48 ±t0.60 9.99 ±1.01 4.90 ±0.77
16 0.86 ±0.60 28.65 ±1.03 17.13 ±1.43
18 1.86 ±0.58 46.43 ±2.17 34.60 ±3.34
20 7.73 ±t0.63 61.14 ±3.96 65.42 ±5.82
21 16.22 ±0.67 71.24 ±4.31 69.60 ±5.98
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Table C.24: Jday 309 North Profile: Iron and Manganese Species Concentrations
with 95 percent Confidence Limits
Depth [Fe(<0.45 um)] [Fe(>0.45 um)] [Mn(<0.45 um)] [Mn(>0.45 um)]
(m) (uM) (uM) (uM) (uM)
0 0.00 ±t5.43 0.18 ±7.67 0.00 :t5.52 0.55 ±7.80
2 0.00 ±5.43 0.18 ±7.67 0.00 ±5.52 0.55 ±7.80
4 0.00 ±5.43 0.18 ±7.67 0.18 ±5.52 0.37 I±7.80
6 0.00 ±5.43 0.36 ±7.67 0.00 ±5.52 0.74 ±7.80
8 0.00 ±5.43 2.35 ±7.67 1.84 ±5.52 1.65 ±7.80
10 2.53 ±5.43 3.44 ±7.67 17.28 ±5.52 0.18 ±7.80
12 0.90 ±5.43 2.17 ±7.67 18.38 ±5.52 0.00 ±7.80
14 4.52 ±5.43 3.44 ±t7.67 22.06 ±5.52 0.00 ±7.80
16 16.82 ±5.43 12.12 ±7.67 31.25 ±t5.52 0.00 ±t7.80
18 28.94 ±5.43 25.32 ±7.67 42.28 ±5.52 0.00 ±7.80
20 48.83 ±5.43 42.50 ±7.67 49.64 ±t5.52 0.92 ±7.80
21 68.72 ±5.43 37.98 ±7.67 51.48 ±5.52 1.84 ±7.80
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Table C.25: Jday 309 Center Profile: Arsenic Species Concentrations with 95 percent
Confidence Limits
Depth [AsIII] [AsV(<0.45 um)] [AsV(>0.45 um)]
(m) (nM) (nM) (nM)
0 10.64 ±0.93 -1.78 ±2.11 4.14 ±1.47
2 9.36 ±0.93 -0.16 ±2.06 3.66 ±1.47
4 9.86 ±0.93 -0.78 ±2.08 3.67 ±1.47
6 7.33 ±1.50 2.36 +2.65 4.31 +1.47
8 2.85 ±1.60 5.17 ±2.72 4.04 ±1.47
10 0.99 ±1.68 1.82 ±2.84 3.10 ±1.53
12 0.83 1.68 2.58 ±2.84 3.00 ±1.43
14 0.83 ±1.68 6.12 ±2.82 5.26 +1.39
16 0.97 ±1.68 11.16 ±2.81 6.72 ±1.38
18 1.51 ±1.65 40.60 ±3.03 22.92 ±3.32
20 2.80 ±1.01 50.00 ±3.82 54.56 ±4.48
22 5.75 ±0.96 51.05 ±3.80 68.03 ±5.84
23 14.11 ±0.98 65.65 ±4.03 69.11 +5.95
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Table C.26: Jday 309 Center Profile: Iron and Manganese Species Concentrations
with 95 percent Confidence Limits
Depth [Fe(<0.45 um)] [Fe(>0.45 um)] [Mn(<0.45 um)] [Mn(>0.45 um)]
(m) (uM) (uM) (uM) (uM)
0 0.00 ±5.43 0.18 47.67 0.00 +5.52 0.55 ±7.80
2 0.00 +5.43 0.00 ±7.67 0.00 5.52 0.55 47.80
4 0.00 ±-5.43 0.18 4±7.67 0.00 ±5.52 0.55 ±7.80
6 0.00 +5.43 0.36 ±7.67 0.00 ±5.52 0.55 ±7.80
8 0.00 ±5.43 0.90 ±t7.67 0.18 ±5.52 1.65 ±7.80
10 0.00 ±5.43 0.54 ±7.67 14.52 ±5.52 0.18 ±t7.80
12 0.00 ±45.43 1.09 ±7.67 14.89 ±5.52 0.37 ±7.80
14 2.53 ±5.43 2.71 ±7.67 20.22 I5.52 0.00 ±7.80
16 6.33 ±5.43 4.34 ±7.67 23.90 ±5.52 0.00 ±7.80
18 25.32 ±5.43 18.09 4±7.67 36.77 ±5.52 1.84 ±7.80
20 32.55 ±5.43 37.98 ±7.67 45.96 ±-5.52 1.84 ±7.80
22 39.79 ±5.43 45.21 ±7.67 47.80 ±5.52 1.84 ±7.80
23 63.30 ±5.43 37.07 4±7.67 49.64 ±5.52 3.68 ±7.80
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Table C.27: Jday 309 Center Profile: Temperature and Dissolved Oxygen
Depth Temperature Dissolved Oxygen
(m) (°C) (mg/L)
0 13.3 10.2
1 13.3 10.0
2 13.1 9.9
3 13.0 9.6
4 13.0 9.5
5 13.0 9.5
6 12.9 9.5
7 12.7 8.3
8 12.0 6.5
9 7.9 0.2
10 5.6 0.2
11 4.2 0.1
12 4.0 0.1
13 3.8 0.1
14 3.7 0.1
15 3.7 0.1
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Table C.28: Jday 309 South Profile: Arsenic Species Concentrations with 95 percent
Confidence Limlits
Depth [AsIII] [AsV(<0.45 um)] [AsV(>0.45 um)]
(m) (nM) (nM) (nM)
0 9.07 It0.69 -0.93 ±1.39 5.60 ±0.77
2 9.28 ±0.69 -1.15 ±1.40 4.62 ±0.77
4 8.24 t±0.70 0.50 ±1.35 4.12 ±0.77
6 6.76 40.71 2.13 ±1.29 4.61 ±0.77
8 2.18 ±0.89 3.59 ±t1.42 3.64 ±0.77
10 0.97 ±0.92 1.60 ±1.45 3.11 ±0.78
112 1.17 ±0.91 1.78 ±t1.44 4.24 ±0.78
14 0.67 ±0.92 4.44 ±1.45 4.06 ±0.77
16 0.84 zt0.92 13.28 1.44 10.04 ±0.79
18 1.65 ±0.90 26.38 ±1.63 14.36 ±2.76
=19 1.11 ±0.91 38.36 ±2.29 19.31 +3.08
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Table C.29: Jday 309 South Profile: Iron and Manganese Species Concentrations
with 95 percent Confidence Limits
Depth [Fe(<0.45 um)] [Fe(>0.45 um)] [Mn(<0.45 um)] [Mn(>0.45 um)]
(m) (uM) (uM) (uM) (uM)
0 0.00 ±5.43 0.36 ±7.67 0.00 ±5.52 0.55 ±7.80
2 0.00 ±5.43 0.18 ±-7.67 0.18 ±5.52 0.37 ±7.80
4 0.00 ±5.43 0.36 ±7.67 0.00 ±5.52 0.55 ±t7.80
6 0.00 ±5.43 0.36 ±7.67 0.00 ±5.52 0.55 ±7.80
8 0.00 ±5.43 0.72 ±7.67 3.31 ±5.52 2.02 ±7.80
10 0.00 ±5.43 0.90 ±7.67 17.83 ±5.52 0.37 ±7.80
12 0.18 ±t5.43 1.99 ±7.67 15.81 ±5.52 0.37 ±7.80
14 1.09 ±5.43 2.17 ±7.67 18.38 ±5.52 0.00 ±7.80
16 6.69 ±5.43 7.05 ±7.67 23.90 ±5.52 0.00 ±7.80
18 16.10 ±5.43 11.03 ±7.67 29.41 ±5.52 0.00 ±t7.80
19 23.51 ±5.43 16.28 ±7.67 36.77 ±5.52 0.00 ±7.80
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Figure C-7: Arsenic species profiles collected on Jday 309. The approximate top of
the thermocline is shown.
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Figure C-8: Iron and manganese species profiles collected on Jday 309. The approx-
imate top of the thermocline is shown.
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Table C.30: Jday 337 North Profile: Arsenic Species Concentrations with 95 percent
Confidence Limits
Depth [AsIII] [AsV(<0.45 um)] [AsV(>0.45 um)]
(m) (nM) (nM) (nM)
0 2.87 ±0.37 6.63 ±1.07 6.49 ±1.21
2 2.25 ±0.53 7.93 ±1.20 5.97 ±1.21
4 2.22 ±0.53 6.55 ±1.21 7.58 ±1.21
6 2.12 ±0.53 6.30 ±1.21 6.17 ±1.22
8 2.03 ±0.53 6.10 ±1.21 6.58 ±1.22
10 2.36 ±0.53 7.49 ±1.20 5.72 ±1.21
12 0.81 ±0.54 3.59 ±1.04 3.44 ±1.25
14 1.10 ±0.54 20.52 ±1.22 7.14 ±2.21
16 1.56 ±0.53 42.50 ±1.99 23.14 ±4.42
18 6.49 ±0.51 47.35 ±3.61 40.56 ±5.60
20 12.62 ±0.52 69.43 ±3.83 51.59 ±6.69
21 15.46 ±0.72 71.20 ±4.01 43.11 ±7.76
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Table C.31: Jday 337 North Profile: Iron and Manganese Species Concentrations
with 95 percent Confidence Limits
Depth [Fe(<0.45 um)] [Fe(>0.45 um)] [Mn(<0.45 um)] [Mn(>0.45 um)]
(m) (uM) (uM) (uM) (uM)
0 0.00 ±5.43 2.53 ±7.67 2.02 ±5.52 0.74 ±7.80
2 0.00 ±5.43 1.81 ±7.67 2.02 ±5.52 0.55 ±7.80
4 0.00 ±5.43 1.81 7.67 1.84 ±5.52 0.74 ±7.80
6 0.00 ±5.43 1.63 ±7.67 1.84 ±5.52 0.74 ±7.80
8 0.00 ±t5.43 2.53 ±7.67 2.02 ±t5.52 0.74 ±7.80
10 0.00 ±5.43 3.07 ±7.67 2.76 ±5.52 0.74 ±7.80
12 0.00 ±5.43 1.63 ±7.67 20.22 ±5.52 -1.84 ±7.80
14 10.85 ±5.43 5.97 ±7.67 27.58 ±t5.52 0.00 ±7.80
16 23.51 ±5.43 19.89 ±7.67 40.44 ±5.52 -1.84 ±7.80
18 28.94 ±5.43 28.94 +7.67 53.31 ±-5.52 -1.84 ±7.80
20 56.06 ±5.43 30.74 ±7.67 53.31 ±5.52 0.00 ±7.80
21 59.68 ±5.43 27.13 ±7.67 55.15 ±5.52 -1.84 +7.80
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Table C.32: Jday 337 Center Profile: Arsenic Species Concentrations with 95 percent
Confidence Limits
Depth [AsV(<0.45 um)] [AsV(>0.45 umrn)]
(mn) (nM) (nM) (nM)
0 2.65 ±0.37 7.17 ±0.93 6.60 ±0.88
2 2.55 ±0.53 7.43 ±1.09 7.28 ±0.88
4 2.36 +0.53 7.60 ±1.09 7.88 ±0.88
6 2.70 ±-0.53 6.93 ±1.09 8.02 ±0.88
8 2.85 +0.52 7.20 ±1.09 7.00 ±0.88
10 2.33 ±0.53 7.12 ±1.09 8.83 +0.88
12 1.31 ±0.53 3.06 ±1.10 5.40 ±0.89
14 0.83 ±0.54 5.18 ±1.10 3.72 ±0.89
16 1.02 ±0.54 18.99 t±1.65 13.43 ±1.76
18 1.50 ±0.38 42.53 ±2.90 35.56 ±3.52
20 13.91 ±0.53 65.39 ±3.21 66.38 44.69
22 31.70 +1.44 132.29 ±6.03 41.50 ±7.41
23 33.95 ±1.44 240.53 8.44 15.20 10.72
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Table C.33: Jday 337 Center Profile: Iron and Manganese Species Concentrations
with 95 percent Confidence Limits
Depth [Fe(<0.45 um)] [Fe(>0.45 um)] [Mn(<0.45 um)] [Mn(>0.45 um)]
(m) (uM) (uM) (uM) (uM)
0 0.00 ±5.43 2.53 ±7.67 1.84 ±5.52 0.74 ±7.80
2 0.00 ±5.43 2.17 ±7.67 1.84 ±5.52 0.55 ±7.80
4 0.00 ±5.43 2.53 ±7.67 1.84 ±5.52 0.55 ±7.80
6 0.00 ±5.43 2.35 ±7.67 1.84 ±5.52 0.55 ±7.80
8 0.00 ±5.43 2.17 ±7.67 1.84 ±5.52 0.55 ±t7.80
10 0.00 ±5.43 2.53 ±7.67 2.02 ±5.52 0.55 ±7.80
12 0.00 ±5.43 2.53 ±7.67 18.38 ±5.52 0.00 ±7.80
14 0.72 ±5.43 2.17 ±7.67 20.22 ±t5.52 0.00 ±7.80
16 10.67 ±5.43 9.22 ±7.67 27.58 ±5.52 0.00 ±7.80
18 27.13 ±t5.43 25.32 ±7.67 44.12 ±5.52 0.00 ±7.80
20 59.68 I5.43 28.94 ±7.67 55.15 ±5.52 -1.84 ±7.80
22 108.51 ±t5.43 16.28 ±7.67 55.15 ±5.52 0.00 ±7.80
23 152.82 ±5.43 11.76 ±7.67 57.91 ±t5.52 -0.92 ±7.80
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Table C.34: Jday 337 Center Profile: Temperature and Dissolved Oxygen
Depth Temperature Dissolved Oxygen
(m) (0C) (mg/L)
0 6.2 10.2
1 6.2 9.9
2 6.2 9.9
3 6.2 9.8
4 6.1 9.8
5 6.1 9.8
6 6.1 9.8
7 6.0 9.7
8 6.0 9.7
9 6.0 9.7
10 6.0 9.7
11 5.8 4.0
12 5.5 1.0
13 4.5 0.0
14 3.8 0.1
15 3.7 0.1
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Table C.35: Jday 337 South Profile: Arsenic Species Concentrations with 95 percent
Confidence Limits
Depth [AsIII] [AsV(<0.45 um)] [AsV(>0.45 um)]
(m) (nM) (nM) (nM)
0 2.95 +0.37 6.58 ±0.94 6.39 ±0.88
2 3.11 ±t0.52 6.71 ±1.10 6.87 I±0.88
4 2.16 ±0.53 5.62 ±1.09 9.53 ±0.88
6 2.28 ±0.53 6.64 ±1.09 8.24 ±0.88
8 2.75 ±t0.52 7.15 ±1.09 7.69 ±0.88
10 2.91 ±0.52 6.75 ±1.09 7.67 I0.88
12 0.66 ±0.54 4.42 ±1.10 4.38 ±0.89
1.4 1.11 ±0.54 10.26 ±1.09 7.81 ±0.88
1.6 1.20 ±0.54 20.33 ±1.64 14.23 ±1.76
1.8 3.73 zt0.37 45.37 ±2.91 52.29 ±3.57
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Table C.36: Jday 337 South Profile: Iron and Manganese Species Concentrations
with 95 percentl; Confidence Limits
Depth [Fe(l<0.45 um)] [Fe(>0.45 um)] [Mn(<0.45 um)] [Mn(>0.45 umrn)]
(m) (uM) (uM) (uM) (uM)
0 0.00 ±5.43 1.99 ±7.67 2.02 ±5.52 0.37 4±7.80
2 0.00 ±5.43 1.99 ±7.67 1.84 zt5.52 0.55 ±7.80
4 0.00 ±5.43 2.35 7.67 2.02 ±5.52 0.55 -I7.80
6 0.00 ±5.43 2.17 4±7.67 1.84 ±5.52 0.74 ±7.80
8 0.00 ±5.43 2.89 ±7.67 2.02 ±5.52 0.55 ±7.80
10 0.00 ±5.43 2.53 ±7.67 3.13 ±5.52 0.55 I7.80
12 0.00 4±5.43 2.17 zt7.67 20.22 t±5.52 0.00 ±7.80
14 4.52 4±5.43 4.88 ±7.67 23.90 ±5.52 0.00 ±7.80
16 11.94 +5.43 7.96 ±7.67 29.41 ±5.52 0.00 ±7.80
18 28.94 ±t5.43 37.98 ±7.67 47.80 ±5.52 0.00 ±7.80
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Figure 0-9: Arsenic species profiles collected on Jday 337. The approximate top of
the thermocline is shown.
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Figure C-10: Iron and manganese species profiles collected on Jday 337. The approx-
imate top of the thermocline is shown.
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